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Summary 
SUMMARY 
An investigation has been conducted into TiO2-based mesoporous thin films 
derived from a supramolecular-templated sol-gel route, aiming at establishing 
the interrelationships among the synthesis variables, the complex mesoporous 
film structures, and several functional properties of the mesoporous TiO2 and 
TiO2/nanospecies multicomponent systems.  
Highly ordered mesoporous TiO2 thin films have been successfully synthesized 
by optimizing the sol precursor and the thermal treatment conditions. The 
mesopores in the films were shown to organize in a body-centered 
orthorhombic symmetry with the [001] axis perpendicular to the film surface. 
The films exhibited a thermal stability up to 450 oC with the formation of a 
semicrystalline inorganic framework. 
A substrate-assisted crystallization strategy has been developed to enhance the 
crystallinity of the mesoporous TiO2 thin films. Unlike the film deposited on 
amorphous glass substrate as described above, the films deposited on 
polycrystalline Pt and single-crystal Si(111) substrates were shown to exhibit 
much enhanced crystallinity upon calcination at a temperature of as low as 350 
oC. A transition in pore configuration was observed from an ordered array of 
discrete pores to a cage-like pore configuration, when the substrate was 
changed from glass to Pt and then to Si(111). The films deposited on Pt and 
Si(111) substrates exhibited much higher photocatalytic activity for 
degradation of methylene blue (MB) under UV irradiation than that deposited 
viii 
Summary 
on glass substrate, due to the enhanced nanocrystallinity. The former also 
showed photoluminescence at room temperature, which is attributed to the 
radiative recombination of excitons in association with the surface defects of 
the TiO2 nanocrystals. 
In order to develop enhanced photocatalytic activity, varying amounts of 
cerium were incorporated into the films deposited on Si(111) substrates. The 
addition of cerium inhibited crystallite growth of TiO2, which is beneficial to 
the mesostructural ordering at Ce/Ti < 10 mol%. Too high a level of cerium 
doping gave rise to disordered mesostructure, because the excess cerium doping 
disturbs the continuity of the TiO2 framework and harms the alignment of 
mesopores. The photodegradation activity towards MB increased with 
increasing level of cerium doping initially and then declined when cerium 
doping exceeded the optimal Ce/Ti = 0.3 mol%. The maximum photocatalytic 
activity at Ce/Ti = 0.3 mol% is 3.5-fold of that of the undoped mesoporous TiO2 
film. The much enhanced photoreactivity at the low level of cerium doping is 
correlated to enhanced electron transport and oxygen storage capabilities in 
association with cerium doping, together with the highly nanocrystalline nature 
retained for the TiO2 framework. 
Highly dispersed Au nanoparticles (NPs) of average size of 9 − 12 nm were 
successfully embedded in mesopores of the TiO2 thin films, through 
H2-reduction of AuCl4−. The mesopores showed a spatial confinement effect on 
the growth of Au NPs, which exhibited enhanced thermal stability without 
aggregation up to 450 oC. The incorporation of Au NPs evidently reduced the 




variation in optical transition nature from indirect to direct mode for TiO2, 
arising from hydrogen surface termination of TiO2.
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1.1 Origin of Mesoporous TiO2 Materials 
A typical porous material is a solid permeated by an interconnected network of 
pores (voids) filled with a fluid (liquid or gas). Such material has found great 
utility as catalysts and sorption media because of its large internal surface area 
due to the presence of voids. According to the International Union of Pure and 
Applied Chemistry (IUPAC) notation,[1] porous materials can be classified into 
three main categories on the basis of the pore sizes, namely micro- (diameter, 
d < 2 nm), meso- (2 nm ≤ d ≤ 50 nm), and macroporous materials (d > 50 nm). 
In this thesis, I will focus on the mesoporous materials that have been prepared 
by supramolecular templating. Supramolecular templating refers to a structure 
directing process making use of complex of molecules held together by 
noncovalent bonds. Compared to the conventional mesoporous materials such 
as silica gel that exhibits irregularly arranged pore space with widely varying 
pore sizes between 2 and 50 nm, the supramolecular-templated mesoporous 
materials are characteristic of large accessible internal surface area, high pore 
volume, narrow pore size distribution, regular pore organization, and the 
capacity to incorporate ions and adsorbents within the mesoporous framework. 
These features make them useful for catalysis, photocatalysis, drug delivery, 
sensor, solar cell, and membrane applications. 
Supramolecular-templated mesoporous materials first came into the limelight 
in 1992 when Mobil researchers discovered that surfactant self-assembly 
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conducted in aqueous solutions of soluble silica species resulted in 
spontaneous co-assembly of silica-surfactant mesophases.[2] Removal of 
surfactant created periodic mesoporous solids, essentially silica fossils of the 
liquid-crystalline assembly. This discovery opened up a new era in the 
development of porous materials with mesoscopic sizes, narrow pore size 
distribution, and regular organization of mesopores. Subsequent studies were 
focused on replicating silica-based mesoporous materials.[2−4] This is not 
unusual since most of the research groups working with mesoporous materials 
started off in the chemistry of zeolites and thus were more familiar with the 
chemistry of silicates and silica-based materials.[5] The resulted mesoporous 
silicates normally possess huge accessible internal surface areas (≥ 1000 m² 
g−1), large pore sizes (2 nm ≤ d ≤ 30 nm), a high pore volume, and ordered 
arrays of mesopores. 
In the past decade, studies have been extended to non-silica mesoporous 
materials, including for example alumina, transition metal oxides of tantalum, 
titanium, tungsten, and zirconium, cerium oxide, niobium oxide, tin oxide, and 
metal systems.[5−8] Among them, mesoporous titanium dioxide (TiO2) is a 
particularly interesting material. Semiconducting TiO2 exhibits a wide band 
gap (3.0 − 3.2 eV), high optical transparency in the visible light range, high 
chemical stability, and a great surface affinity to a wide variety of organic 
molecules. The semiconducting nature of TiO2 and the goodness derived from 
mesoporous structure make mesoporous TiO2 highly attractive for such 
applications as optical materials, sensors, adsorbents, photocatalysts, and solar 
cells. 
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Motivated by the great scientific and technological interest, researches on 
mesoporous TiO2 have been carried out exploring a wide range of processing 
conditions, synthesis mechanisms, characterization, and potential applications. 
In the following sections, I will address the research advances in the 
mesoporous TiO2 materials (Section 1.2), followed by a survey on the 
formation strategies and mechanisms (Section 1.3), and the applications of 
these materials with particular emphasis on photocatalysis (Section 1.4). 
1.2 Research Milestone of Mesoporous TiO2 Materials 
In 1995 Antonelli and Ying[9] first reported the synthesis of mesoporous TiO2 
powders with hexagonal pore structure by using alkyl phosphate anionic 
surfactant as the template. However, a significant amount of phosphates 
remained in the resulting mesoporous structure, which underwent partial 
collapse when the template was removed by calcination at elevated 
temperatures.  
In 1996 Ulagappan and Rao[10] synthesized hexagonal mesostructured TiO2 
powders by using neutral amine surfactants as templates without phosphate 
pollution, but removal of the amine destroyed the mesoporous structure. 
In 1998 Stucky’s group[6] first applied the evaporation-induced self-assembly 
(EISA) route to prepare thermally stable mesoporous TiO2 powders with 
hexagonal or cubic pore structures. The synthesis was performed in a 
nonaqueous solution, but traces of water were provided by moisture or 
impurities. This low water conditions permit a fine control of the reacting 
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systems by restraining the condensation of TiO2. Amphiphilic poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock 
copolymers instead of surfactants of small molecules were used as the 
templates which enable the formation of much thicker TiO2 walls with high 
thermal stability. Indeed, EISA has since been used for preparation of 
mesoporous TiO2 solids in a wide range of composition and pore sizes. 
In 1999 Dai et al.[11] synthesized hexagonal mesoporous TiO2 powders without 
collapsing of the mesoporous structure, by using small molecular surfactants 
(alkylphosphate or alkylamine) which were successfully removed by refluxing 
instead of calcination. 
Mesoporous TiO2 materials were initially made in the form of powders, 
precluding their use in thin film applications like optics and sensors. In 2001 
Sanchez’s group[12] and Kuwabara’s group[13] respectively reported their 
syntheses of transparent mesoporous TiO2 thin films with a well-organized 
hexagonal mesoporous structure following the EISA route.  
In 2003, Sanchez’s group[14] reported a complete description of the synthesis 
and characterization of highly organized and oriented mesoporous TiO2 thin 
films. All important chemical and processing parameters involved in the 
deposition, post-synthesis, and thermal treatment steps were thoroughly 
investigated, which allows one to tailor various mesostructures such as 2D 
hexagonal (p6m) and 3D cubic (Im3m) mesophases. 
Most of these previous studies are limited to amorphous or semicrystalline 
inorganic walls which restrict the application of mesoporous TiO2, as the 
photo-electrons and photo-holes generated in the low crystalline TiO2 suffer 
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from severe recombination. In 2003 Grosso et al.[15] synthesized highly 
crystallized mesoporous TiO2 films by carefully delaying the rapid 
crystallization. These films showed a remarkable thermal stability up to 700 
°C, a fully nanocrystalline anatase framework, and organized cubic Im3m 
mesostructure. 
These pioneering and remarkable works have encouraged explosive growth of 
studies on mesoporous TiO2 materials in the past decade. An increasing 
number of successful synthesis methods were reported for creating novel 
mesoporous structures, which aided a deep understanding on the formation 
mechanism and development of advanced functional TiO2-based mesoporous 
materials.  
1.3 Formation of Mesoporous TiO2 Materials 
Compared to silica-based mesoporous systems, mesoporous TiO2 shows a 
slower advancement in both processing and applications, as a result of the 
following likely reasons. Firstly, most of the pioneer research groups in 
mesoporous materials had a scientific background related to zeolites, and thus 
were much more familiar with the chemistry of silicates and aluminosilicates 
than with that of transition metals. Secondly, TiO2 precursors present a higher 
complexity of chemistry, where a delicate balance between hydrolysis and 
condensation reactions is difficult to control. In some cases, clusters or 
nanoparticles (NPs) may result and aggregate upon drying. These randomly 
organized aggregates can yield materials with little or no order at the 
mesoscopic scale. Thirdly, TiO2 tends to crystallize in an uncontrolled manner 
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upon thermal treatment, which often leads to the collapse of mesoporous 
network.[16] They thus present a relatively low thermal stability of the 
mesoporous structure, as compared to the silica-based materials. In addition, 
synthesis procedures for preparing mesoporous TiO2 are extremely sensitive to 
many external parameters, leading to a lack of reproducibility. Indeed, most 
syntheses are kinetically controlled, and solids with amorphous inorganic 
walls are obtained.  
Therefore, the successful synthesis of well-defined mesoporous TiO2 requires 
adequately balancing the hydrolysis and condensation reactions of the titanium 
precursors, balancing the assembly of organic templates and the sol-gel 
process of inorganic species, and balancing the decomposition of templates 
and the consolidation of TiO2 framework, especially the nucleation and growth 
of TiO2 nanocrystals in the inorganic wall. In this section, I will describe in 
detail the synthesis of mesoporous TiO2, with emphasis on its three principal 
aspects, namely the self-assembly of organic templates, the sol-gel process of 
inorganic titanium precursors, and the consolidation of TiO2 framework with 
formation of mesopores. 
1.3.1 Self-Assembly of Templates 
Self-assembly is the spontaneous organization of materials through 
non-covalent interactions such as electrostatic forces, van der Waals forces, 
hydrogen bonding, dipole-dipole interactions, and coordination bonding.[17] It 
typically employs organic templates composed of hydrophobic and 
hydrophilic portions, to form well-defined micellar assemblies or 
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liquid-crystal mesophases. These micellar assemblies and mesophases then 
direct the formation of inorganic mesostructure through hybrid 
inorganic-organic interactions. 
The templates that are used to pattern mesoporous TiO2 can be principally 
classified as two groups based on the resultant pore dimensions: (i) small 
molecular surfactants such as alkyl phosphate anionic surfactants,[9,11] 
quaternary ammonium cationic surfactants,[18−20] primary amines[10,11] and 
alkyl PEO nonionic surfactants,[12] which give rise to pore sizes of 2 − 4 nm; 
(ii) block copolymer-based templates such as PEO-based copolymers,[6,7,12−16] 
which give rise to pore sizes of ∼10 nm. 
1.3.1.1 Small Molecular Surfactants 
Small molecular surfactants are generally composed of a polar or ionic 
hydrophilic head and a non-polar hydrophobic tail, mostly a hydrocarbon 
chain, as illustrated in Figure 1.1. They locate at the phase boundary between 
the polar and non-polar phases, or, if the concentration of surfactants is so high 
that there is no more space there, they will congregate together and form 
micelles. The concentration above which micelles are spontaneous formed is 
called critical micelle concentration (cmc). In a polar solvent, the hydrophilic 
heads occupy the exterior of micelles whereas the hydrophobic tails cluster 
inward to avoid contact with the polar solvent. Micelles of this type are known 
as normal phase micelles. Inverse micelles have the hydrophobic tails 
extending out, sequestering the hydrophilic heads in the micelle center. For 
TiO2 systems, the surfactant molecules assemble into normal micelles since 
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polar alcohol media are usually employed. Micelles are approximately 
spherical in shape. Other shapes such as cylinders are also possible. These 
micelles can self-assemble into periodic hexagonal, cubic, or lamellar 
mesophases, as affected by the molecular geometry of the surfactant molecules 
and solution conditions such as the surfactant concentration, temperature, pH, 
and ionic strength. The self-assembly process of surfactants in a polar solvent 
is illustrated in Figure 1.1. 
 
Figure 1.1 Self-assembly of surfactants in a polar solvent into periodic 
hexagonal, cubic, and lamellar mesophases. 
Several research groups have used small molecular surfactants for synthesis of 
mesostructured TiO2 such as alkyl phosphate and alkyl amines;[9,10] but the 
surfactants were either irremovable or the mesostructures were liable to 
collapse when calcined. There must exist strong bondings between the 
surfactants and the titanium species, such as electrostatic interactions and 
covalent bonding; the removal of which might result in collapse of the 
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mesostructures. These surfactants can only be removed by solvent 
refluxing.[11] 
1.3.1.2 Block Copolymer Templates 
In recent years, amphiphilic block copolymers have been increasingly used as 
templates because the architectures of these block copolymers can be 
rationally adjusted to control the interactions between the inorganic and the 
organic species. Diblock (AB) or triblock (ABA) block copolymers are 
generally used to synthesize mesoporous TiO2 materials, in which A represents 
a hydrophilic block (e.g., PEO), and B represents a hydrophobic block (e.g., 
PPO, poly(ethylene-co-butylene)[21], and polystyrene (PS)[22]). Formation of 
the inorganic network may take place either in the hydrophilic domains or at 
the interface of the self-assembled block copolymer. The utilization of block 
copolymers permits formation of larger pore size (∼10 nm) than the use of 
small molecular surfactants (2 − 4 nm) due to the high molecular weight of the 
former. It also permits thicker walls and thus enhanced thermal and 
mechanical stability, as a consequence of both the high molecular weight of 
block copolymers and the interactions between the template and the inorganic 
framework. The use of block copolymers, especially PEO-PPO-PEO, as 
templating agents allows a complete removal of these copolymers by 
calcination without collapse of the mesopores that has been commonly 
observed in systems based on small molecular surfactants. 
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1.3.2 Sol-Gel Chemistry of Titanium Precursors 
The sol-gel process involves evolution of the TiO2 network via the formation 
of a colloidal suspension (sol) and gelation of the sol. Typical precursors for 
synthesizing the colloids consist of a titanium element surrounded by various 
reactive ligands, such as alkoxides. Three reactions are generally used to 
describe the sol-gel process: hydrolysis, water condensation, and alcohol 
condensation. As schemed in Figure 1.2, the hydrolysis reaction involves a 
replacement of alkoxide groups (OR) with hydroxyl groups (OH) through the 
addition of water (Reaction (1)). The titanium hydroxyl groups (Ti-OH) 
condense to form Ti-O-Ti bonds accompanied by liberation of small molecules, 
such as water or alcohol (Reactions (2) and (3)). These Ti-O-Ti bonds are 
further bridged together to build one, two, or three-dimensional crosslinked 
Ti-oxo networks as the reactions proceed. When the Ti-oxo skeletons reach 
macroscopic sizes, the reaction bath becomes a gel where the solvent, reaction 
byproducts, and Ti-oxo oligomers are trapped in the gel.  
 
Figure 1.2 A general scheme of the reactions in sol-gel process. 
Indeed, uncontrolled (i.e., very fast) inorganic condensation can “freeze” a 
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metastable mesostructure (even a nonorganized one) and hinder the 
self-assembly process of organic templates. The hydrolysis and condensation 
reactivities therefore should be carefully controlled through adjusting the 
synthesis conditions such as nature of the titanium precursors, pH, nature and 
concentration of the chelating agents, and water amount. 
1.3.2.1 Titanium Precursors 
A favorable interaction is required between the inorganic species and the 
templates, either a Coulomb interaction, hydrogen bonding forces, or a 
hydrophilic/hydrophobic interaction. These interactions should be sufficiently 
strong, otherwise the inorganic species tend to precipitate and the surfactant 
remains in solution. This phase separation tendency becomes especially strong 
if the inorganic species can form a stable crystalline structure with high lattice 
energy, as what happens to the titanium alkoxides. The titanium alkoxides 
show a strong tendency to form crystalline TiO2 colloids and then to form an 
insoluble TiO2 gel precipitate. Acid or chelating agent addition is therefore 
indispensable to slow down the condensation process. Another commonly 
used titanium precursor is TiCl4, which is a strong Lewis acid and produces 
chloroalkoxide and HCl in situ in an alcoholic solution able to effectively 
quench the otherwise fast condensation.[14] 
TiO2 nanobuilding blocks (NBB) have also been employed as the inorganic 
precursors because of their high control of the condensation degree of the 
metal centers. Titanium NBBs such as Ti16O16(OC2H5)32 have been blended 
with PEO-based surfactants or PS-poly(methacrylic acid) block copolymer 
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and patterned as wormlike textures or hexagonal hybrid mesophases, 
respectively.[22,23] Moreover, TiO2 NPs were used to gather around the liquid 
crystalline mesophases of hexagonal or cubic symmetries formed by a 
Brij-type diblock copolymer, CnH2n+1(OCH2CH2)yOH.[24] 
1.3.2.2 PH Control 
Essential to avoiding massive precipitation of titanium alkoxides is the 
suppression of inorganic condensation in strong acidic conditions (pH < 1, 
adjusted by HCl or HNO3), at a hydronium ion concentration much lower than 
the isoelectric point of colloidal TiO2 (pH ≈ 6).[25] It is likely that an alkoxide 
group is protonated rapidly in the first step.[26] Electron density is withdrawn 
from the titanium atom, making it more electrophilic and thus more 
susceptible to attack from a water oxygen. This causes a high hydrolysis 
reactivity. However, the condensation is inhibited by H+ ions. Indeed the 
condensation involves attack of a titanium atom by the oxygen from another 
Ti-OH. The protonation of the Ti-OH species generates Ti-OH2+ which is 
repelled by the attacked titanium atom carrying a positive partial charge. At 
the same time, depolymerization processes (the inverse of condensation) are 
promoted, according to the reverse of Reactions (2) and (3) (Figure 1.2).  
Under basic conditions, it is likely that water dissociates to produce hydroxyl 
anions rapidly in a first step. The hydroxyl anion then attacks the titanium 
atom. The -OH displaces -OR with inversion of the titanium tetrahedron. Both 
acid and basic conditions therefore inhibit the condensation reactions and lead 
to the formation of small hydrophilic oligomers. The high surface-to-volume 
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ratio of these small entities makes them ideal to interact with surfactant 
molecules in the self-assembly process. 
1.3.2.3 Complexation 
Addition of chelating agents helps slow down both the hydrolysis and 
condensation reactivities of titanium precursors, favoring formation of 
low-weight oligomeric species, especially in weak acidic or alkaline 
conditions. Bidentate ligand acetylacetone has been used as a chelating agent 
in slightly acidic medium (pH = 4 − 6) in the alkyl phosphate templated 
synthesis of mesostructured TiO2, leading to the first documented mesoporous 
TiO2.[9] The titanium atom forms a ring structure with acetylacetone, 
increasing the steric bulk of the titanium precursors hence effectively reducing 
condensation. The resulting hexagonally packed mesoporous TiO2 possessed a 
narrow pore-size distribution and a high specific surface area of about 200 m2 
g−1. Phosphorus-free mesoporous TiO2 was prepared in basic medium (pH ≈ 
10) using a quaternary ammonium surfactant, cetyltrimethylammonium 
bromide (CTAB), in combination with a tridentate ligand, triethanolamine, 
resulting in a wormlike TiO2.[19] Hydrogen peroxide was used to develop 
peroxytitanates, [Ti(O-O)(OH)(H2O)]OH, in basic medium (pH = 11.5), and 
gave rise to lamellar or hexagonal TiO2.[27] Ethylene glycol has also been used 
to chelate the Ti(IV) ions. The resulting tris-glycotitanate(IV) complex, 
Na2Ti(gly)3, was employed as the starting species to create CTAB-templated 
mesoporous TiO2 in alkaline medium.[18] The synthesis gave rise to lamellar or 
hexagonal TiO2, depending on the base used (tetramethylammonium 
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hydroxide (TMAOH) or NaOH, respectively). It is clear that the choice of 
complexing agents permits adjusting pH, which provides a supplementary 
degree of freedom for the synthesis of mesoporous TiO2.  
Surfactants with complexation ability constitute a particular category of 
inhibition agents. In the case of TiO2-phosphate mesophases, phosphate 
groups are difficult to remove by either extraction or calcination, which is 
ascribed to the complexing power of template heads with titanium atoms. 
Similar complexation reactions should take place in analogous systems that 
make use of alkylamines or surfactants composed of PEO groups.[10,23,28] For 
the weaker chelating agents, such as PEO/PPO groups, complexation can take 
place during the drying stage with the leaving of better nucleophiles such as 
water, chloride, or small alcohols.[23,28] 
1.3.2.4 Nonaqueous Solvents with Controlled Water Contents 
Because titanium precursors precipitate instantly in water due to too fast 
condensation reactions, nonaqueous solvents, in the absence of water or with 
low water quantities, are utilized to control the reaction rate and avoid massive 
precipitation of nonstructured phases. Stucky and co-workers[6,7] have reported 
a successful nonaqueous approach, by using ethanolic solutions of TiCl4 and 
PEO-based triblock copolymers. However, traces of water may well be present 
in the solution provided by air moisture. The resulting mesoporous TiO2 had 
2D hexagonal or Im3m mesophase, and semicrystalline inorganic walls. The 
high densities of nanocrystallites (∼3 nm in size) in the robust TiO2 walls are 
indeed important for eventual applications. Alternative nonaqueous solvents 
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are toluene,[22] and tetrahydrofuran.[23] The difference in the polarity of the 
solvent determines the morphology of the final mesophase, by affecting the 
formation of micelles and, therefore, the curvature of the hybrid interface.[22]  
The polarity of the solvents can be adjusted by controlling the amount of water. 
With addition of water, the water molecules hydrolyze the inorganic species, 
making them hydrophilic and enhancing their interactions with the hydrophilic 
portion of the templates. It also favors condensation, which can be maintained 
under control by working in acidic medium. Generally, an enrichment of the 
system in water favors a higher curvature (e.g., cubic) of the micelles, whereas 
elimination of water from the system favors a lower curvature (e.g., 
2D-hexagonal) of the micelles.[14] 
In brief, in order to texture well-defined mesoporous TiO2 and to avoid 
formation of randomly organized oxide aggregates, the high reactivity of 
titanium precursors towards hydrolysis-condensation reactions has to be 
delicately suppressed. It could be realized by using titanium alkoxides or 
chlorides in the presence of condensation inhibitors such as mineral acids and 
complexing agents, and using limited quantities of water. 
1.3.3 Consolidation of TiO2 Network with Formation of 
Mesopores  
In addition to the delicate control of the self-assembly and the sol-gel 
processes, the removal of templates to create a stable mesoporous TiO2 is 
crucial since a high porosity is favorable for most applications. However, the 
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inorganic framework often lacks a robust structure caused by the incomplete 
condensation of the titanium precursor in an initial acidic condition and easily 
suffers from a serious contraction or even collapse accompanied by the 
removal of templates. It is therefore important to consolidate the inorganic 
framework before removal of the templates. The mostly popular method is to 
take a controlled thermal treatment composed of consecutive annealing stages 
at increasing temperatures and with slow heating rates (normally 1 oC min−1 
ramp). On the one hand, the annealing process enhances the polymerization 
and rigidity of the inorganic framework by cross-linking the Ti-O-Ti bonds to 
a high degree, which is essential to stabilizing the mesoporous structure. On 
the other hand, the gradual and long thermal annealing process tends to retard 
the crystallization by relieving residual stress in the film. 
Using additives such as cations or mineral anions could also assist in 
maintaining the mesoporous structures. An interesting example is given by the 
TiO2 mesophases formed in the presence of alkyl phosphate templates.[9,29,30] 
The resultant Brunauer-Emmett-Teller (BET) surface areas reached very high 
values of ∼700 m2 g−1. However, a significant amount of phosphate remained 
in the resulting mesostructures. It was debated that the phosphate probably 
improved the cohesion of the TiO2 framework and thus made the mesoporous 
TiO2 thermal stable up to 500 oC.[31] Either cerium or iron additives were 
shown to improve the thermal stability and mesoscopic ordering of 
mesoporous TiO2,[32−34] which is attributed to the additives in restraining 
crystallization of the TiO2 matrix.[35,36] 
Solvent extraction is another technique for removing the template that can be 
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best suited for nonionic surfactants. For example, the amine templates can be 
extracted with nitric acid, p-toluene sulfonic acid, or ethanol.[37−40] However, 
this technique is not so effective for ionic surfactants, because the extraction of 
ionic surfactants typically has to be combined with an ion exchange in order to 
balance the framework charges. 
Most of the above treatments are limited to mesoporous structures of 
amorphous TiO2 walls. The presence of mesoporous structure and crystallinity 
of the walls are typically not compatible because crystallites in most cases do 
not accommodate the type of curvatures present in the mesoporous structures. 
The phase transformation from amorphous TiO2 to anatase often leads to a 
strong contraction or even an irreversible collapse of the porous structure, due 
to the extensive growth of nanocrystals in the walls at the sacrifice of specific 
surface area. However, realization of mesoporous TiO2 with enhanced 
nanocrystallinity is required by various technologically demanding 
applications. Therefore, it is of utmost importance to increase stability of the 
inorganic framework to bear the crystallization process of TiO2.  
Indeed, several approaches have been taken in order to realize a high degree of 
nanocrystallinity of TiO2 and at the same time not to jeopardize the 
mesoporous structure significantly. Mesostructured TiO2 synthesized from 
surfactants of low molecular weight generally presents thin and relatively 
fragile walls, limiting their stability in crystallization. Unlike this, the 
structures synthesized from block copolymer templates of high molecular 
weight present larger pores, thicker walls capable of embracing relatively 
large nanocrystals, and an excellent thermal stability. For instance, 
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high-porosity mesoporous phases with a semicrystalline or highly crystallized 
TiO2 structure have been obtained, templated by PEO-PPO-PEO triblock 
copolymers or poly(ethylene-co-butylene)-PEO diblock copolymer.[16,21] 
NH3-treatment before calcination allows the formation of highly porous and 
crystallized TiO2 with remarkably enhanced thermal stability up to 600 °C.[41] 
In addition, the thermal stability of mesoporous TiO2 films was improved to 
700 °C by carefully delaying the rapid crystallization.[15] Supercritical fluid 
processing was also employed to realize a mesoporous TiO2 structure with 
remarkable high thermal stability that could support nucleation and crystal 
growth.[42,43] In brief, all of these approaches generate impact on the 
condensation, crystallization, porosity and wall strength of TiO2. 
1.3.4 Formation Mechanisms 
Since the first report on supramolecular-templated mesoporous materials in 
1992, a number of models have been proposed to explain the formation 
mechanism of mesoporous materials derived from different synthesis routes. 
Concerning TiO2-based mesoporous materials, several types of mechanisms 
have been proposed in the literature, namely surfactant geometry mechanism, 
charge matching mechanism, EISA, and modulation of the hybrid interface 
(MHI) mechanism.  
1.3.4.1 Surfactant Geometry Mechanism 
This model was proposed by Israelachvili and colleagues,[8] based on rather 
simple geometrical considerations of the surfactant molecules. It models an 
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amphiphilic molecule as a spherical hydrophilic head attached to a liquid-like 
hydrophobic tail. The contribution of the polar head is characterized by the 
effective head surface area, a0 (Figure 1.3a), where a0 is affected by the size 
and charge of the hydrophilic head, and the electrostatic environment around 
the head group. The contribution of the hydrophobic tail is characterized by 
the ratio  v/l, where v and l are the volume and length of the hydrophobic chain, 
respectively. The geometrical considerations demand that l must be less than 
the chain length of the fully extended hydrophobic tail, to ensure the chain 





= v . It links the architecture of the micelle aggregates and the 
nature of the surfactant molecules composed of a hydrophilic head and a 
hydrophobic liquidlike chain. 
 
Figure 1.3 Schematic representation of surfactant molecules, showing (a) 
conical shape, (b) truncated conical shape, and (c) inverse truncated conical 
shape. 
In general, surfactants with a single hydrocarbon chain and a relatively large 
polar head group tend to give small g values (g < 1/3) and form conical-shaped 
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structures (Figure 1.3a). These cones can further pack into spherical micelles 
of high curvature. Surfactants with a small head group tend to give medium g 
values (1/3 < g < 1/2) and form truncated cones (Figure 1.3b). The truncated 
cones further pack into cylindrical or rod-shaped micelles. Surfactants with 
double chains and large heads tend to give large g values (1/2 < g < 1) and 
form inverse truncated cones which pack into vesicles or bilayer structures of 
low curvature (Figure 1.3c).[44,45] It has been shown that an increase in g 
corresponding to a decrease in the curvature of the micellar aggregate leads to 
mesophase transitions from cubic to hexagonal, and then to lamellar 
symmetries.[45,46] Therefore, the packing parameter can be used to predict and 
control the shape of the micelle aggregates by tuning the surfactant structure 
(e.g., the size of the polar head, the length of the hydrocarbon chain, and the 
type and size of the branches of the hydrophobic chain) and the solution 
conditions (e.g., pH, concentration, cosolvent, and temperature).[45−47] 
This model was employed by Serre et al.[48] to explain the mesophase 
transition in TiO2 systems. They found that usage of relatively large polar 
heads [alkyltrimethylammonium (-N(CH3)3+)] led to a hexagonal mesophase, 
whereas usage of smaller ones [alkylammonium (-NH3+)] at pH < 1 led to a 
lamellar mesophase. This difference in mesostructures is ascribed to the 
packing properties of the various surfactant molecules.  
The surfactant geometry model still has certain limitations. Firstly, it is less 
adequate for those surfactants where the ‘tail’ and ‘head’ definition is fuzzy. 
Secondly, this model does not take into account of a number of complicated 
factors, for example, the head group interactions in the presence of ion 
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bridging. In addition, the division of micellar shapes according to the packing 
parameter is oversimplified. For instance, when g is 0.35, it could correspond 
to ellipsoidal-shaped micelles, instead of cylindrical micelles as defined by the 
model. 
1.3.4.2 Charge Matching Mechanism 
According to the charge features of the polar hydrophilic groups, surfactants 
can be classified as cationic, anionic, and non-ionic types. The inorganic 
species also bear a specific type of charges in the synthesis conditions (pH). A 
mechanism based on the electrostatic interactions between the surfactants (S) 
and the inorganic species (I) was thus proposed by Monnier and co-workers,[49] 
to explain the formation of mesoporous silica, and it was then extended to 
non-silica systems.  
As schematized in Figure 1.4, six types of electrostatic interfaces have been 
identified. S−I+ and S+I− represent the two direct electrostatic interfaces where 
the charges of the surfactant and the inorganic species are opposite. By 
extension, two other indirect electrostatic attractions between the surfactant 
and the inorganic species are S+X−I+ and S−M+I−, where halogenide anions (X− 
= Cl−, Br−) or alkaline cations (M+ = Na+, K+) get involved as charge balancing 
species permitting an electrostatic coupling between the equally charged 
surfactant and inorganic species. The S+X−I+ interface takes place under acidic 
conditions below the isoelectric point of TiO2 (pH ≈ 6), whereas the S−M+I− 
interface is characteristic of basic media. Other electrostatic interfaces 
occurring between the nonionic surfactants and the inorganic species are S0I0 
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and S0(X−I+), relying on hydrogen bonding or dipolar interactions.  
 
Figure 1.4 Schematic representation of the six types of inorganic-surfactant 
interfaces. S and I represent the surfactant molecule and the inorganic 
framework, respectively. M+ and X− represent the alkaline cations (M+ = Na+, 
K+) and the halogenide anions (X− = Cl−, Br−), respectively. The -Ti-O- bonds 
represent the inorganic titanium-oxo framework. The big black circles 
represent the hydrophilic headgroups of the surfactants. The small grey circles 
represent the M+ or X− couterions. The grey triangles represent the solvent 
molecules. The dashed lines represent hydrogen bonding interactions. (adapted 
from reference[8]) 
Under the electrostatic interaction, the surfactant molecules are packed so as to 
optimize the interface charge density matching between the surfactant and the 
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inorganic species. For example, surfactant assemblies tend to take a 
zero-curvature lamellar symmetry, which has close packed surfactant 
headgroups and therefore a relatively high surface charge density, in order to 
match the inorganic framework of a high charge density.[46] On the contrary, if 
the inorganic framework presents a low charge density, the surfactant 
molecules prefer higher curvature hexagonal or cubical mesophases, because 
of their farther apart surfactant headgroups and therefore a lower charge 
density. This charge coupling encourages a strong cooperative self-assembly 
of the resulting hybrid oligomers into well-defined mesophases. 
Sanchez et. al.[20] reported the formation of 2D hexagonal (p6m) mesoporous 
TiO2 powders through an S+X−I+ route. In their study, the inorganic precursor 
titanium ethoxide hydrolyzed in an ethanolic HCl solution and formed 
Ti-hydroxochloroalkoxo species. These units presented a positively charged 
surface due to ≡Ti-OH+ and ≡Ti-OH2+ groups. CTAB was employed as the 
templating agent. Counterions (Cl− and Br−) contribute to a better cohesion 
between the positively charged inorganic units and the CTA+ ions. The 
chemical analyses showed that the global composition of the hybrids was 
TiO2-x/2-z(OH)z(CTA+)s(Br,Cl)s+x+z(H2O)y (x < 0.3, y < 0.1). With further 
evaporation of the solvent, CTAB formed micelles and the strong electrostatic 
attraction between the template and the inorganic species ensures the Ti-oxo 
entities surrounding the micelles to form ordered mesostructured hybrids. 
The charge matching mechanism proves successful to explain the mesophase 
transition in TiO2. As reported, a mesophase transition happened from lamellar 
to hexagonal in the cationic surfactant cetyltrimethylammonium chloride 
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(C16TMA+Cl−) and soluble peroxytitanates [TiO2(OH)(H2O)]OH systems.[27] 
The titanium framework must be negatively charged in the basic media (pH = 
11.5). Consequently, the process followed an S+I− pathway. During heating 
under hydrothermal conditions, condensation of the titanium species reduced 
the charge density of the inorganic framework by releasing hydroxide ions. 
The packing of surfactant must change in order to maintain charge matching 
with the inorganic framework. It induces reorganization of the surfactant 
assemblies changing from lamellar to hexagonal mesophases in order to 
decrease their charge density. 
1.3.4.3 Evaporation-Induced Self-Assembly (EISA) Mechanism 
The EISA mechanism was initially proposed by Brinker and co-workers,[50] 
based on experiments carried out to prepare mesoporous silica thin films. It 
was then revised by Stucky et al.[6] and introduced into mesoporous transition 
metal oxide-based systems. This pathway starts from a dilute solution in which 
a surfactant and an inorganic precursor usually dissolve in an alcohol/water 
solvent. As the initial solution is deposited on a substrate, preferential 
evaporation of volatile components (e.g., alcohol and water) concentrates the 
deposited layer in the nonvolatile surfactant and inorganic species. This 
evaporation is progressive and rapid, and it induces formation of micelles by 
hydrophobic segregation when the surfactant concentration reaches its cmc. At 
the same time, the inorganic species are accumulated around the micelles. 
These surfactant/inorganic hybrids cooperatively self-assemble into 
well-defined mesostructures, where the inorganic framework and the micelles 
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are segregated at the nanoscale. The hybrid mesostructures are still flexible 
because of incomplete inorganic polymerization. A subsequent step is 
necessary to enhance inorganic polymerization and obtain a robust 
mesostructure. The EISA process has been proven to be an efficient synthetic 
approach for transition metal oxide-based systems not only in the form of thin 
films, but also other macroscopic shapes such as mesoporous microspheres.  
For TiO2-based mesoporous thin films synthesized by the EISA-derived 
method, TiCl4 or titanium alkoxides in alcoholic water media are used as the 
inorganic source. HCl or HNO3 is typically used for acid inhibition of the 
inorganic precursors.[14] In-situ two-dimensional small-angle X-ray scattering 
(SAXS), 17O nuclear magnetic resonance (NMR) spectroscopy, interferometry, 
ellipsometry, transmission electron microscopy (TEM), extended X-ray 
absorption fine structure (EXAFS), ultraviolet-visible (UV-vis), and Fourier 
transform infrared (FTIR) spectrometries have been combined to investigate 
the EISA mechanism.[14,28] It shows that the titanium oligomers have a general 
formula of TiOxCly(OH)z (x/2 + y + z = 4) before evaporation. During 
evaporation the self-assembly occurs rapidly with the formation of diverse 
mesostructures (e.g., Im3m body centered cubic, p6m 2D-hexagonal, and 
wormlike) under various processing conditions (e.g., relative humidity (RH) 
during evaporation, pH, and water content of the initial solution). A 
subsequent thermal annealing is carried out to obtain mesoporous TiO2 films 
often exhibiting semicrystallined (anatase) walls. 
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1.3.4.4 Modulation of Hybrid Interface (MHI) Mechanism 
MHI mechanism was proposed by Sanchez and Soler-Illia[23,28] to explain the 
formation of mesostructured TiO2 materials in the presence of titanium 
alkoxides and neutral PEO-based surfactants, as schematized in Figure 1.5. 
The model is focused on the hydrophobic/hydrophilic interactions of the 
inorganic precursor and the template under certain aqueous conditions. 
 
Figure 1.5 Schematic illustration of the MHI mechanism. (adapted from 
reference[23,28]) 
At a low water content (Figure 1.5, path A), the slow hydrolysis and 
condensation of titanium alkoxides generate a set of Ti-oxo-alkoxo oligomers 
of hydrophobic nature. Two essential hydrophobic/hydrophilic interactions are 
therefore developed: attachment of the polar –CH2-CH2-OH ends to the 
TiOx(OR)4-x/2 (0 < x < 2) clusters, and chelation of the Ti(IV) ions by 
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⋅⋅⋅O-CH(R)-CH2-O⋅⋅⋅ functions of the PEO or PPO blocks. These 
transalcoholysis and complexation reactions, on the one hand, decrease the 
hydrophobicity and hydrophilicity difference between the PEO and PPO 
chains, thus hindering the proper folding of the templates. On the other hand, 
the strong interactions between the templates and the metal centers make the 
inorganic phase develop along the deployed template skeleton, thus forming 
ill-defined wormlike mesostructures.  
In contrast, at a high water content (Figure 1.5, path B), the polar water 
molecules weaken the coordination bonds between the Ti(IV) and PEO/PPO, 
and replace them with relatively looser hydrogen bonding interactions. This 
lack of metal-template strong interaction allows an evident hydrophobicity and 
hydrophilicity difference between the PEO and PPO blocks and a more 
flexible space to adjust the micelle curvature. This permits template folding 
and domain separation with formation of highly curved spherical or cylindrical 
micelles. In addition, the fast hydrolysis and condensation processes generate 
hydrophilic Ti-oxo-hydro oligomers which match better the polar PEO 
portions at the hybrid interface, whereas an improved hydrophobic PPO-PPO 
contact makes PPO segments migrate to the micelle interior. The improved 
folding of the templates and the enhanced hydrophilic interactions between the 
inorganic species and the PEO domains guarantee formation of well ordered 
mesophases. However, an excessive amount of water yields ill-defined gels 
because of uncontrolled hydrolysis and condensation reactions. 
Obviously, all above mechanisms underline the interactions between the 
inorganic titanium precursors and the organic templates. They all have 
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adequate experimental support, but also have their respective applicable 
scopes. For example, the charge matching mechanism is more suitable for 
ionic surfactant-templated systems, whereas the EISA mechanism is more 
applicable to the thin film preparation process under fast evaporation 
conditions.  
1.4 Applications of TiO2-Based Mesoporous Materials 
Mesoporous TiO2 as one of the most actively studied transition metal oxides 
has found potential applications in photocatalysis, photovoltaics, sensors, and 
luminescence. 
1.4.1 Photocatalytic Applications 
TiO2 is known as one of the best catalysts in photocatalytic reactions such as 
alcohol dehydration, degradation of paint pigments, and oxidation of organic 
chloride compounds, because of its exceptional optical and electronic 
properties, strong oxidizing power, nontoxicity, chemical stability, and low 
cost. The photocatalytic reactions with TiO2 generally proceed via the 
following steps: (i) formation of electron-hole pairs by absorption of photons; 
(ii) generation of hydroxyl radicals (•OH) via reaction of the holes with 
surface -OH groups or adsorbed H2O molecules; and (iii) oxidation of organic 
species by •OH. The mesostructural features such as highly accessible surface 
and nanosized uniform pores strengthen the catalytic activity of TiO2 by 
facilitating adsorption of water and hydroxyl groups, diffusion of organic 
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reactants, and removal of products during the photocatalytic reactions.  
1.4.1.1 Pure Mesoporous TiO2 Photocatalysts 
It is noteworthy that a highly crystalline TiO2 framework is desirable for 
photocatalysis as the amorphous phase always affords low quantum yield for 
photocatalysis.[51] As has been reported, highly crystallized mesoporous TiO2 
powders demonstrate superior photocatalytic activities as compared to 
conventional TiO2 NPs, when they were applied to decompose organic 
pollutants, such as 2,4,6-trichlorophenol,[11,52] n-pentane,[53−55] and 
acetone.[51,56] They also exhibit a high selectivity (>80%) for the photocatalytic 
organic synthesis of phenol from benzene based on the different adsorption 
ability of phenol and benzene on the catalyst surface.[57] One of the serious 
limitations with these mesoporous TiO2 powders as photocatalysts is that it 
requires a post-separation in the slurry system. This is in contrast to the 
expectation that a desired catalysis system shall be easily fixed and reclaimed 
to avoid repollution. To solve this problem, a crystallized mesoporous TiO2 
film purposely immobilized on an appropriate substrate would be apparently 
advantageous in photocatalysis but is less investigated. 
1.4.1.2 Doped Mesoporous TiO2 Photocatalysts 
The interest in doping mesoporous TiO2 lies primarily in the development of 
catalytically active materials. The doping process can in principle be carried 
out in two ways: (a) by incorporating metal or metal oxide NPs in the 
mesopores of the material (post-treatment); and (b) by directly incorporating 
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doping species in the inorganic walls during the synthesis process (one-pot).  
In the post-treatment pathway, various methods have been employed to 
prepare metal or metal oxide NPs in solutions or on surfaces of mesoporous 
TiO2. For example, electrodeposition and deposition-precipitation were 
employed to synthesize Au NPs, which showed a strong contact with TiO2 
support.[58−60] The catalysis behavior of Au NPs assembled on both 
mesoporous TiO2 and mesoporous silica were studied.[60] The results showed 
that Au NPs assembled on TiO2 without any functional ligand exhibited a 
much higher activity for CO oxidation than those deposited on mesoporous 
silica. Both Sono- and photochemical approaches have been taken to 
encapsulate Au, Ag, and Pt NPs in the pore channels of mesoporous TiO2 films, 
where the air entrapped in the mesoporous matrix was effectively removed by 
sonication and then Au species were driven into the pores.[61−63] Au-, Cu-, 
Pd-loaded mesoporous TiO2 photocatalysts were also prepared via sol-gel 
route with surfactant templating.[64] The mesoporous TiO2 loaded with 2 wt% 
Au was shown to exhibit enhanced photocatalytic activity for the process of 
hydrogen evolution from water. The post-treatment pathway seems 
straightforward in light of mechanism, but it reveals a lack of reproducibility 
because precise control of the size, morphology (localization and dispersion), 
and amount of the doping NPs remains a big challenge.  
In the one-pot pathway, titanium precursors and salts of doping species 
co-condense to yield multicomponent systems in one step. This pathway has 
several advantages, like homogeneous incorporation, precise control of the 
doping quantity, less pore blockage, and short preparation time. Moreover, 
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these structures present an extremely well-defined mesostructure. Rare-earth 
ions are the most commonly used doping species because during the 
photocatalytic reactions they can act as electron acceptors to enhance the 
quantum efficiency of TiO2, by either increasing the electron density imparted 
to TiO2 surface or expanding the light absorption range.[65−67] Mesoporous 
TiO2 is also an ideal host matrix for incorporating rare-earth ions. It is strongly 
absorbing, transfers energy efficiently to the otherwise weakly absorbing rare 
earth ions, and is stable to environmental conditions such as moisture and 
temperature.  
Previous attempt of doping lanthanum ions (La3+) into mesoporous TiO2 
showed that the 0.25 atom% La3+-doped sample had the highest photocatalytic 
activity for the degradation of methyl orange.[65] In another study, doping 
CeO2 into disordered mesoporous TiO2 powders led to negative effects on the 
photocatalytic activity.[66] This is accounted for by a blocking effect of cerium 
doping on TiO2 surface whereby the active sites available for adsorption and 
photodegradation of organic pollutants were reduced. Besides rare-earth ions, 
other dopants such as WO3 were also incorporated into the walls of 
mesoporous TiO2. The sample in the presence of 4 mol% WO3 showed 
enhanced photocatalytic activity in decomposing gaseous 2-propanol, which is 
ascribed to the increased surface acidity induced by the WO3 present on the 
surface of mesopores.[68] 
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1.4.2 Photovoltaic Applications 
The liquid state dye-sensitized solar cell (DSSC) provides another attractive 
application area for supramolecular-templated mesoporous TiO2 materials. In 
the conventional DSSCs which have demonstrated solar conversion efficiency 
over 10% at a very competitive cost, TiO2 nanoparticles of 15 − 20 nm in size 
are typically deposited forming a three-dimensional network with thickness of 
10 − 15 μm on a transparent conductive oxide (TCO) by screen-printing (or 
doctor-blading) method. The porosity of the film is derived from the randomly 
interconnected voids rather than regularly integrated mesopores. The cell 
operation is driven by electron injection from photoexcited dyes into the 
conduction band of TiO2. One limitation for this type of DSSCs is that 
transporting electrons through the TiO2 nanoparticles would not be efficient, 
because the electrons have to pass through numerous grain boundaries and 
junctions in order to reach TCO.[69,70] The distortion of the crystalline structure 
at grain boundaries and junctions may lead to enhanced scattering of electrons 
with the lattice, and hence reduce the electron mobility. In addition, the mass 
transport of electrolytes, especially that of the ionic liquids in the pores, is 
inefficient because of the irregularity of the pores.[69] In this regard, a 
long-range ordered mesoporous TiO2 film will be a promising candidate as the 
photoanode of DSSC, because of its high specific surface area, excellent 
connectivity of mesopores beneficial to the electrolyte diffusion,[69] and an 
interconnected TiO2 skeleton with regularly packed nanocrystalline particles 
desirable for an efficient charge carrier transport.[71,72]  
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Nevertheless, two technical issues should be solved for the application of 
supramolecular-templated mesoporous TiO2 films in DSSC. Firstly, the film 
must reach a micrometer scale thickness to provide sufficient surface area 
rendering high light harvesting by the monolayer of adsorbed dyes on TiO2 
surface.[73] Secondly, the film must be highly crystalline for fast transport of 
the injected electrons.[74] It was reported that low crystallized mesoporous 
TiO2 always caused low solar conversion efficiencies (<1.25%).[71,74] Several 
approaches have been attempted to increase the nanocrystallinity whereas to 
preserve the porous structure, such as by using block-copolymers to template 
hydrothermally synthesized anatase seeds,[75] employing a two-step sintering 
procedure,[74] and doping phosphorus in TiO2.[76] DSSC conversion 
efficiencies of 2.2 – 5.31% were henceby reported.[74−76] However, the 
mesostructures that were formed in these TiO2 films lacked a long-range 
ordering, and the TiO2 nanoparticles were still randomly interconnected 
forming an irregular inorganic framework. DSSC photoanodes made of 
ordered cubical mesoporous TiO2 films of ∼1 μm in thickness were prepared 
through layer-by-layer deposition by dip coating three times.[77] Their DSSC 
performance, sensitized by two different ruthenium-based dyes, N719 and 
N945, showed enhanced solar conversion efficiencies of 2.95% and 4.04%, 
respectively, higher than that of the conventional oxide film of a similar 
thickness made of the randomly clustered anatase nanocrystals. This 
improvement results from a remarkable enhancement of the roughness factor 
for the supramolecular-templated mesoporous films. The huge surface area 
appears to be very accessible to both dye molecules and electrolytes, giving 
rise to strikingly high photocurrent densities. The mesoporous TiO2 was also 
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modified by CdS or CdSe NPs to be used in a liquid-junction 
photoelectrochemical cell.[78] The sensitization of TiO2 to visible light was 
demonstrated successfully, but a solar conversion efficiency was not reported.   
In addition, mesoporous TiO2 has been employed as electron conducting 
materials in solid-state DSSCs. The sensitizer/hole-conducting polymers such 
as regioregular poly(3-hexyl thiophene) (P3HT),[79,80] poly(2-methoxy-5- 
(2’-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV),[81] and regioregular 
poly(3-octylthiophene) (P3OT) were incorporated into the mesopores.[82] They 
absorb light and carry excitons to the polymer/TiO2 interface, and transport 
holes to the metal top electrode. The mesoporous TiO2 accepts electrons from 
the semiconducting polymer and transports them to the transparent bottom 
electrode. For the P3HT system, a maximum solar conversion efficiency of 
0.45% was reported.[79,80] This performance is still limited by poor hole 
transport and incomplete filling of mesopores. In order to improve pore filling, 
PS-PEO diblock copolymer was used as the templating agent to form a TiO2 
interconnected network structure with large pores.[81] Although the 
energy-conversion efficiency reached only 0.71% using MEH-PPV as the 
sensitizer and hole-conducting material, it is higher than the values reported in 
the literature for TiO2/MEH-PPV heterojunctions. 
Obviously, mesoporous TiO2 has demonstrated its potential usage in 
photovoltaics especially when a low thickness is required, but the efficiency of 
mesoporous TiO2-based DSSCs must be further improved for this technology 
to be commercialized on a large scale. 
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1.4.3 Other Applications 
In addition to photocatalytic and photovoltaic applications, TiO2-based 
mesoporous materials offer several other superior properties for potential use 
in various applications. For example, a sensor made with mesoporous TiO2 
powders exhibited higher H2 and CO sensitivities than those made with 
commercially available TiO2 powders.[83] Cerium-doped mesoporous TiO2 
showed improved electrochemical and electrorheological activities.[32,84,85] 
Mesoporous TiO2 has demonstrated to be an excellent host for trivalent 
europium ions (Eu3+).[35] The TiO2 nanocrystallites in the mesoporous walls 
acted as an antenna which absorbed light greater than or equal in energy to 
their band gap. The energy was then transferred to Eu3+, which exhibited the 
characteristic red luminescence arising from f−f crystal field transitions. An 
enhanced diffraction efficiency in photorefractive liquid crystal cells was 
reported when a C60-doped poly(9-vinylcarbazole) was infiltrated into a highly 
ordered mesoporous TiO2 layer.[86] 
Although a variety of functional properties have been investigated for the 
supramolecular-templated TiO2-based mesoporous materials, industrial 
applications seeking both quality and cost advantages have so far been limited. 
More efforts have to be undertaken to explore the feasibility of using these 
novel systems in commercial applications. 
1.5 Problem Definition 
Despite recent advances in synthesis and applications of TiO2-based 
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mesoporous materials, there remain several challenges. Firstly, most of the 
previous studies are limited to the mesoporous structures of low crystallinity, 
especially for mesoporous TiO2 thin films. Mesoporous TiO2 thin films with 
enhanced nanocrystallinity are required by several technologically demanding 
applications, such as for photocatalysis and photovoltaics. Therefore, it is very 
important to understand the crystallization process of TiO2 in the pore walls in 
order to create the most desirable pore configuration and crystalline phase.  
Secondly, TiO2-based mesophases are not well characterized and indexed as 
compared to their silica counterparts. A proper understanding and indexing of 
mesoporous TiO2 thin films, which exhibit a higher complexity in structural 
variety and alignment than bulk, are even less established. 
Thirdly, little research work has been conducted on the electronic and optical 
properties of mesoporous TiO2 thin films, probably because of the low 
crystallinity of the films. It is therefore of considerable value to establish the 
relationship between mesostructure and functional behavior for mesoporous 
TiO2 thin films. 
In addition, mesoporous TiO2 thin films have not yet been properly 
investigated as a host matrix for nanospecies, such as nanocrystallites/NPs of 
oxides, non-oxides and metals. A well-organized mesostructure with an 
extra-high specific surface area, together with embedded nanocrystals, will 
make mesoporous TiO2 an excellent candidate material for establishing the 
relationships among the various synthesis parameters, nanostructural features, 
and functional behavior. 
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1.6 Project Objectives 
Taking into consideration of the challenges listed above, it would be timely to 
establish the relationships among the key synthesis parameters, the resulting 
nanostructures, and functional properties for TiO2-based mesoporous thin 
films. More specifically, the aims and scopes of this project are listed as 
follows: 
(1) To investigate the effects of several key synthesis parameters 
involved in wet-chemistry on the resulting mesostructures in the 
supramolecular-templated TiO2 thin films; 
(2) To study in detail the mesophase evolution in the 
supramolecular-templated TiO2 thin films, and to identify and index the 
complex mesophase symmetry; 
(3) To understand the crystallization behavior of TiO2 in the 
supramolecular-templated TiO2 thin films; 
(4) To study several functional optical and electronic properties (e.g., 
optical transparency, band gap, refractive index, photoluminescence, and 
photocatalysis) of the supramolecular-templated TiO2 thin films; 
(5) To explore the feasibility of inserting nanospecies into mesoporous 
TiO2 thin films, and thus to establish the relationship between the 
nanocomposite structure and the functional properties. 
Nevertheless, the supramolecular templating process is rather complicated as it 
involves numerous parameters. The present study is mainly focused on 
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establishing interrelationships between the fundamental variables involved in 
the tri-block copolymer templating such as the sol precursor conditions (pH 
and concentration), thermal treatment temperature, and type of substrate, and 
the complex film structures, including the pore volume, mesophase symmetry, 
and the nucleation and subsequent growth of TiO2 nanocrystallites in the 
inorganic framework. The strategies of substrate-assisted crystallization, 
doping with cerium, and incorporation of Au NPs, have been employed to 
adjust the structure and achieve certain unique optical absorption, 
photocatalysis, and photoluminescence properties for the mesoporous TiO2 
thin films. 
Several analytical techniques were employed to analyze the structures and 
properties, including TEM, scanning electron microscopy (SEM), SAXS, X-ray 
diffraction (XRD), Raman, FTIR, UV-vis, X-ray photoelectron spectroscopy 
(XPS), secondary ion mass spectroscopy (SIMS), differential thermal analysis 
(DTA), and thermogravimetric analysis (TGA).  
This project is aimed at shedding some light on the understanding of 
mesoporous TiO2 systems, about the very complex correlations among the 
templating conditions, the mesostructures, and several optical and electronic 
properties. Substrate-assisted crystallization and doping with rare earth ions 
strategies prove to be advantageous to improving the photocatalysis 
performance of mesoporous TiO2 thin films, which are of value for their 
applications in the photocatalysis industry. 
In order to achieve the above objectives, the EISA strategy has been employed 
in the supramolecular templating and sol-gel chemistry since it is one of the 
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most promising approaches for formation of highly ordered mesoporous thin 
films. Doping with cerium, which has been reported to be capable of 
enhancing the photocatalysis properties of TiO2, was applied to 
mesostructured TiO2 walls via a one-pot approach. Alternatively, Au NPs 
were incorporated into the mesoporous TiO2 thin films through a 
hydrogen-reduction post-treatment, to form Au/TiO2 nanocomposites for 
achieving some unique optical properties, as detailed in this thesis. The 
detailed experiment procedures for the above approaches are presented in 
Chapter 2.
Chapter 2: Experimental Procedures 
CHAPTER 2: EXPERIMENTAL PROCEDURES 
This chapter describes the experimental procedures for synthesizing 
TiO2-based mesoporous thin films and the analytical techniques that were used 
to characterize the structure and properties.  
2.1 Materials 
Titanium tetraisopropoxide (TTIP, Ti(OCH(CH3)2)4, Aldrich, 97%) was used 
as the titanium source. A non-ionic tri-block copolymer Pluronic® F127 
(H(OCH2CH2)106(OCH2 CH(CH3))70(OCH2CH2)106OH, MW = 12,600 g mol−1, 
Sigma) was employed as the structure templating agent because of its 
amphiphilic character, the ability to template thick pore walls with high 
thermal and mechanical stability, low-cost commercial availability, and 
biodegradability. Ethanol (EtOH, CH3CH2OH, Fisher Scientific, 99.8%) was 
used as the solvent due to its good solubility of all organic and inorganic 
precursors and good surface wetting properties on substrates. Concentrated 
hydrochloric acid (HCl, Ajax, 36%) was employed as the condensation 
inhibitor and acetylacetone (AcAc, CH3COCH2COCH3, Riedel-de Haën, 
99.5%) was used as the stabilizing agent. Potassium tetrachloroaurate 
(KAuCl4, Aldrich, 98%) and cerium nitrate hexahydrate (Ce(NO3)3 ⋅ 6H2O, 
Aldrich, 99%) were selected as the doping sources of Au nanoparticles (NPs) 
and cerium oxides, respectively. Methylene blue (MB, C16H18ClN3S ⋅ 3H2O, 
Sigma-Aldrich) was employed as the photocatalytic reactant to measure the 
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photodecomposition activity of mesoporous TiO2. 
Glass, quartz, polycrystalline Pt, and single-crystal Si(111) substrates were 
used as the thin film substrates. The glass substrate was first cleaned by 
sonicating in dilute nitric acid for 15 min, followed by additional sonication 
treatments in deionized water, acetone and ethanol for 15 min each. This is to 
ensure a complete removal of any organic residues on the substrate surface. 
The substrate was then dried before use. Other substrates such as quartz, Pt, 
and Si(111) substrates were cleaned using similar procedure as for glass, 
except replacing the acid by detergent water. The quartz substrate was 
specially used for studying the optical and electrical properties of the 
mesoporous TiO2 thin films. Pt and Si(111) substrates were selected for 
studying the substrate effect on the crystallization behavior of TiO2 in the 
mesoporous thin films. 
2.2 Synthesis 
2.2.1 Preparation of Mesoporous TiO2 Thin Films 
Mesoporous TiO2 thin films were synthesized by following the procedures 
as detailed below: a precursor solution was first prepared by mixing 
appropriate amounts of EtOH, HCl, TTIP, AcAc, and deionized water 
(H2O), followed by stirring at room temperature for 2 h. F127 was 
dissolved in ethanol and then mixed with the precursor solution. Typical 
molar ratios of these ingredients were controlled as follows: 
TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 0.004 − 0.005 : 0.5 : 0.5 : 15 : 40. 
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After stirring for three more hours, the sol solution thus obtained was 
deposited on glass, quartz, Pt, or Si(111) substrates by spin coating (3000 
rpm for 1 min) at a relative humidity of 70%. 
A gentle heating was then applied to enhance the inorganic polymerization 
and stabilize the mesophases involved, typically at 40 °C for 48 h and 
subsequently 110 °C for 24 h. The organic copolymer templates were 
removed by calcination in air at 350 °C for 4 h. Further thermal annealing 
at 450 °C for 1 h was performed when necessary to improve the 
nanocrystallinity of the mesoporous TiO2 thin films. The heating rate for all 
the thermal annealing treatment was controlled at a 1 oC min−1 ramp. 
To prepare mesoporous thin films with various mesostructures, several key 
synthesis parameters were adjusted, including the acid-to-titanium ratios 
(HCl/Ti) between 0 and 1.0, nominal hydrolysis ratios (H2O/Ti) between 
1.8 and 30, surfactant-to-titanium ratios (F127/Ti) between 0.002 and 
0.008, and stablizing agent-to-titanium ratios (AcAc/Ti) between 0 and 1.0. 
2.2.2 Preparation of Cerium-Doped Mesoporous TiO2 Thin 
Films 
Cerium-doped mesoporous TiO2 thin films were synthesized following 
similar procedure as for undoped mesoporous TiO2, except adding varying 
amounts of Ce(NO3)3 ⋅ 6H2O in the sol solution. Molar ratios of the 
ingredients were controlled as follows: TTIP/F127/AcAc/HCl/H2O/ 
ethanol/Ce(NO3)3 = 1 : 0.004 : 0.5 : 0.5 : 15 : 40 : 0 – 30%. The sol solution 
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thus obtained was deposited on single-crystal Si(111) substrates by spin 
coating (3000 rpm for 1 min) at a relative humidity of 70%. A set of 
thermal treatments was then applied, following the sequence of annealing at 
40 °C for 48 h, 110 °C for 24 h and then 350 °C for 4 h (1 °C min−1 ramp). 
2.2.3 Preparation of Mesoporous TiO2/Au Nanocomposite Thin 
Films 
The mesoporous TiO2 thin film was derived from the sol condition of 
TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 0.004 : 0.5 : 0.5 : 15 : 40, and 
deposited on quartz and calcined at 350 oC (defined as meso-TiO2). To 
assemble Au NPs in the mesoporous TiO2 network, the film was immersed 
in an aqueous solution of KAuCl4 (0.005 M) at room temperature for 3 days. 
It was then rinsed with water to remove the surface-attached excess gold 
salts, before being dried at 60 oC for 24 h. To form Au NPs, thermal 
treatment was carried out in Ar/H2 flow (Ar: 50 ml min−1; H2: 5 ml min−1) 
at 350 oC (defined as TiO2/Au-350 oC) or 450 oC (defined as TiO2/Au-450 
oC) for 2 h. Without Au incorporation, the meso-TiO2 sample was also 
annealed in Ar/H2 flow (Ar: 50 ml min−1; H2: 5 ml min−1) at 450 oC for 2 h 
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2.3 Characterization 
2.3.1 X-Ray-Based Techniques 
2.3.1.1 X-Ray Diffraction (XRD) 
XRD is a nondestructive analytical technique for characterizing 
crystallographic structure and crystallite size. Basically, it involves 
interference of monochromatic X-rays scattered by crystal planes at different 
angles. The constructive interference forms diffraction patterns that obey the 
Bragg’s Law (2−1): 
λθ nd =sin2                                     (2−1) 
where λ is wavelength of the X-ray, d is interplanar spacing of a crystalline 
plane, θ is Bragg’s angle, and n is an integer representing the order of the 
diffraction peak. 
In this project, XRD (Bruker AXS D8 Advance, Germany) was used to 
study the crystalline phase and estimate the crystallite size of the inorganic 
phase in the mesoporous thin film. For the results detailed in Chapter 5 − 7, 
XRD measurements were carried out by using Cu Kα radiation (1.54 Å) 
operated at 40 kV and 40 mA with a step size of 0.05o and a time per step 
of 20 − 30 s (20 s for Au NPs and 30 s for TiO2). It follows a parallel beam 
geometry. The incidence angle between the beam and film plane was fixed 
at 1.5o. The crystalline size of the inorganic phase was estimated using the 






t =                                           (2−2) 
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where t is the average crystallite size, and B is the line broadening on the 
basis of full-width at half maximum (fwhm) of the diffraction peak. 
For the experimental results detailed in Chapter 4, XRD measurements 
were carried out for identification of the reflection planes in the periodic 
arrays of micelles or mesopores that are parallel to the substrate surface, by 
using Cu Kα radiation (1.5406 Å) operated at 40 kV and 40 mA with a step 
size of 0.02o and a time per step of 10 s. It followed a θ /2θ Bragg-Brentano 
geometry, and 2θ varied from 1 – 2.5o. 
2.3.1.2 Small-Angle X-Ray Scattering (SAXS) 
SAXS involves an elastic scattering of X-rays by a sample which reveals 
structural information about periodic distances in the nanometer range. For 
SAXS measurements, the mesoporous TiO2 films were scraped off the glass 
substrates, and sandwiched in between two transparent tape layers. Their 
2D-SAXS patterns were obtained by using a Bruker AXS Nanostar SAXS 
System in transmission mode, using Cu Kα radiation (1.54 Å) operated at 40 
kV and 35 mA with an acquisition time of 18 h. The 1D diffraction patterns 
were then obtained by integration of the signals in the 2D diffraction image, 
with subtraction of the background signal arising from the transparent tape and 
the instrument. The incident angle between the X-ray beam and the film was 
90o. Because the scrapings were irregularly piled with each other, the SAXS 
measurements are not only applicable to the planes perpendicular to the film 
surface, but also to certain planes lying at a small angle with the normal 
direction of the film surface, when these planes happened to be placed parallel 
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or quasi-parallel to the incident X-ray beam. 
2.3.1.3 X-Ray Photoelectron Spectroscopy (XPS) 
XPS is a surface sensitive characterization technique for delivering the 
information on the composition in a surface layer of the material. The 
mesoporous thin films were studied by using XPS (VG ESCALAB 
220I-XL) employing a monochromatic Al Kα1 source (1486.6 eV). The 
spectrometer was calibrated with pure Au, Ag and Cu by setting the binding 
energies of Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 to be 83.93 eV, 368.26 eV and 
932.67 eV, respectively. 
2.3.2 Microscopy 
2.3.2.1 Transmission Electron Microscopy (TEM) 
TEM is an imaging technique whereby a beam of electrons is transmitted 
through an ultra thin specimen, interacting with it, and forming an image. It 
has four common operation modes: bright field imaging, dark field imaging, 
selected area diffraction (SAD), and lattice or high resolution TEM (HRTEM) 
imaging.  
TEM (JEOL JEM 2010F, 200 kV) and HRTEM (JEOL JEM 3010, 300 kV) 
were employed to investigate the morphology and texture of TiO2-based 
mesoporous thin films. SAD patterns of the thin films were obtained using 
TEM at an accelerating voltage of 200 kV. Energy dispersion X-ray 
spectroscopy (EDX, Oxford INCA) was performed in HRTEM to detect the 
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Au NPs content in the mesoporous TiO2/Au nanocomposite thin films. 
Specimens for TEM plane view were prepared by scratching the films off 
the substrates, suspending them in ethanol, and then dropping the 
suspensions on carbon-coated copper grids. The cross sections were 
prepared by cutting thin slices of film on substrate and by cementing two 
slices with the film side face to face. The thinning process was achieved by 
mechanical polishing and then ion milling until a suitable thickness for 
electron transparency was reached. Using such specimen preparation, the 
electron beam is parallel to the interface plane between the substrate and 
the film. 
2.3.2.2 Scanning Electron Microscopy (SEM) 
SEM is an imaging technique capable of revealing the surface topography 
by scanning the sample surface with a beam of high energy electrons. As 
the electrons hit the sample, secondary electrons are knocked out of the 
surface and collected by a secondary electron detector. These signals 
contain information about the sample’s surface topography. 
Field emission SEM (JEOL JSM 6700F, Japan) was performed to 
characterize the surface morphology of TiO2-based mesoporous thin films 
in this project. The thin film samples were sputter-coated with platinum and 
examined under the machine operating at an accelerating voltage of 25 kV. 
For thickness measurements, the samples were cut to expose the cross 
section of the films, then sputtered with gold. They were viewed with a 
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field emission SEM (Philips XL30 FEG) operating at an accelerating 
voltage of 15 kV. 
2.3.3 Spectroscopy 
2.3.3.1 Ultraviolet-Visible-Near Infrared (UV-VIS-NIR) Spectroscopy 
UV-VIS-NIR absorbance and transmittance measurements (UV-1601, 
Shimadzu) were taken in the wavelength range between 200 nm and 1000 
nm at an interval wavelength of 1 nm. Quartz substrates were used for 
UV-vis measurements as quartz maintains a high optical transparency for 
the intended measurement range. From the spectra, the optical constants 
such as band gap (Eg) and absorption coefficient (α) were calculated. 
The transmittance (T) and absorbance (A) are related by: 
A = logT = log I
I0
                                 (2−3) 
where I is intensity of the transmitted light, and I0 is intensity of the source. 
The absorption coefficient of the materials was calculated according to the 
relation: 
)exp( dT α−=                                      (2−4) 
where d is thickness of the thin film. The indirect band gap energy of TiO2 
could be derived from the Tauc expression: 
)()( 2/1 gEhAhv −= να                                   (2−5) 
where h is Planck constant, ν is frequency of the radiation, and A is a material 
constant. The band gap was then determined by extrapolating the linear 
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portion of the plot of (αhν)1/2 versus hν to α = 0. 
2.3.3.2 Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR spectroscopy is a measurement technique dealing with the infrared 
region of the electromagnetic spectrum by using an interferometer. The 
measured signal forms the interferogram which is decoded by a 
mathematical method known as Fourier tranforamtion. 
In this project, FTIR spectrophotometer (Bio-rad, FTS 135) was employed 
to record the organic compositions in the mesostructured TiO2 thin film. 
The spectra were obtained at room temperature in the mid infrared range 
from 400 to 4000 cm−1, by averaging 64 scans with a nominal resolution of 
4 cm−1. The specimen was prepared by scratching the film off the substrate, 
grounding the film scraps together with KBr powder, and pressing the 
mixture into small pellets. 
2.3.3.3 Raman Spectroscopy 
Raman spectroscopy is a light scattering technique that is commonly used 
to diagnose the internal structure of molecules and crystals by studying 
vibrational modes in the system. It involves Raman scattering of a 
monochromatic laser interacting with the sample, resulting in the energy 
shift of the laser photons. The shift in energy gives information about the 
structure of the sample.  
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Raman spectroscope (U1000 Jobin-Yvon double monochromator) was used 
to examine the crystalline phase of TiO2 in the mesoporous thin film. The 
spectrometer used a 514.5 nm argon green laser as the excitation light 
source. Room temperature Raman spectra was recorded over the 
wavelength range of 100 − 800 cm−1 with a spectral resolution of 0.5 cm−1. 
The photoluminescence emission spectra of the TiO2-based mesoporous 
thin films were obtained in air at room temperature by using Raman 
spectrometer with a 325 nm He-Cd laser as the excitation light source. 
Samples were investigated over the wavelength range of 440 − 640 cm−1.   
2.3.3.4 Secondary Ion Mass Spectroscopy (SIMS) 
SIMS is an analytical technique to quantify the composition of solid 
materials such as thin films whereby the specimen is bombarded by an ion 
beam ejecting secondary ions. These secondary ions with the same energy 
but different masses are collected and measured by a mass spectrometer. 
A secondary ion mass spectrometer (ION-TOF GmbH, TOF-SIMS-IV) with 
time-of-flight detection was used to detect the depth profiles of the TiO2/Au 
nanocomposite films with a thickness resolution of 1 nm. The measurement 
took a dual beam mode. The sputter beam was generated by a Ar ion gun 
and bombarded a sample area of 300 × 300 μm2 at an energy of 3 keV. The 
analysis was performed with a low current Ga gun at the beam energy of 25 
keV bombarding on a sample area of 200 × 200 μm2. 
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2.3.3.5 Ellipsometry 
Ellipsometry is a very sensitive measurement technique that uses polarized 
light to measure the refractive index and thickness of thin films. The 
polarized incident light interacts with the sample and reflects from it. The 
interaction of the light with the sample causes a polarization change in the 
light, from linear to elliptical polarization. The instrument measures the 
polarization change which is determined by the sample’s properties such as 
thickness and refractive index. In this study, a Rudolph Ellipsometer 
(431A31WL633) was operated to characterize the film refractive index. 
2.3.4 Thermal Analysis 
Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) 
are thermoanalytical techniques for studying the change of certain material 
parameter with temperature. In DTA, any temperature difference between 
the sample and an inert reference is recorded when they are subjected to an 
identical temperature program. The difference because of exothermic or 
endothermic reactions can be linked to certain propertity change of the 
sample such as crystallization, melting and sublimation. In TGA, it records 
the change in sample weight with temperature. 
In the present project, simultaneous DTA and TGA were conducted at a 
heating rate of 5 °C min−1 using a SDT Q600 from TA Instruments. The 
temperature was increased in air from room temperature to 500 °C in an 
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alumina sample holder. The as-synthesized thin films were scraped from 
glass substrates and used for analysis. 
2.3.5 Photocatalytic Activity Measurement 
2.3.5.1 Photocatalysis of Mesoporous TiO2 Thin Films Deposited on 
Different Substrates 
The mesoporous TiO2 thin film deposited on certain substrate (glass, Pt, or 
Si(111)) was scratched off the substrate and put in a 4 ml spectrophotometer 
quartz cuvette containing 3 ml 10−5 M MB aqueous solution in air. The cuvette 
was then sealed with a polytetrafluoroethylene (PTFE) stopper. The area of the 
TiO2 film scratched off the substrate for each test was fixed to be 8 cm2, with 
an average thickness of 135 ± 7, 133 ± 7, and 145 ± 8 nm for the film 
deposited on Si(111), Pt, and glass substrates, respectively. The cuvette was 
stored in the dark for 90 min until the adsorption remained constant. The UV 
light was provided by a 4 W germicidal lamp (λmax = 253.7 nm, G4T5). The 
distance between the lamp and the cuvette was controlled at 4 cm. The change 
of MB concentration as a function of the absorption maximum (Amax, ∼664 
nm) was monitored by using a UV-VIS-NIR spectrophotometer (UV-1601, 
Shimadzu) with 30 min interval for a total irradiation time of 300 min. 
2.3.5.2 Photocatalysis of Cerium-Doped Mesoporous TiO2 Thin Films 
The cerium-doped mesoporous TiO2 thin film with Si(111) substrate was 
placed in a 4 ml spectrophotometer quartz cuvette containing 3 ml 10−5 M 
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MB aqueous solution in air. The cuvette was then sealed with a PTFE 
stopper. The area of the film sample for each test was fixed to be 4 cm2, 
with an average thickness of 125 ± 10 nm. The cuvette was stored in the 
dark for 90 min until the adsorption of MB by the film remained constant. 
The UV light was provided by a 4 W germicidal lamp (λmax = 253.7 nm, 
G4T5). The distance between the lamp and the cuvette was controlled at 4 
cm. The change of MB concentration as a function of the absorption 
maximum (Amax) was monitored by using a UV-VIS-NIR spectrophotometer 
(UV-1601, Shimadzu) with 30 min interval for a total irradiation time of 
360 min. 
To summarize this chapter, the general procedures for the synthesis and 
characterization of supramolecular-templated mesostructured TiO2 thin films 
are shown in Figure 2.1. 
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   * added only in cerium doping experiment. 
Figure 2.1 Schematic diagram showing the synthesis and characterization 
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CHAPTER 3: HIGHLY ORDERED MESOPOROUS 
TIO2 THIN FILMS VIA SUPRAMOLECULAR- 
TEMPLATING 
Since supramolecular-templated mesoporous TiO2 first came into the limelight 
in 1995,[9] several different processing routes have been investigated in order 
to realize the most desired mesoporous structures. In general, the formation of 
mesoporous TiO2 materials involves three basic aspects: (i) self-assembly of 
templates to form well-defined micellar assemblies or liquid-crystal 
mesophases; (ii) interaction between the supramolecular assemblies and TiO2 
network to form well-defined mesostructured hybrids; this process follows or 
synchronizes with the building of micellar assemblies; and (iii) controlled 
removal of the templates to eventually obtain mesoporous TiO2 materials. The 
main difficulty, however, in realizing a desirable mesoporous structure, lies in 
the complexity of titanium precursor chemistry, where a delicate balance 
between hydrolysis and condensation reactions is difficult to control. In 
addition, the titanium-oxo polymeric groups involved tend to undergo 
crystallization in an uncontrolled manner upon thermal treatment to remove 
the templates, which often leads to collapse of the mesoporous network. 
In this chapter, a study is detailed on the synthesis and characterization of 
mesoporous TiO2 thin films via a supramolecular templating sol-gel route. It 
aims to investigate how and why the various synthesis parameters involved in 
wet-chemistry affect the resulting mesostructures. Also, the effect of thermal 
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treatment on the crystallization and phase evolution of the TiO2 framework 
will be studied, together with several fundamental electrical and optical 
properties of the mesoporous TiO2 thin films. These understandings are 
essential for tailoring novel mesostructures for various applications. 
3.1 Optimization of the Sol Conditions 
 
Figure 3.1 Schematic representation of the EISA path to form mesoporous 
TiO2 thin film. 
The formation process of ordered mesoporous TiO2 thin films via the 
evaporation induced self-assembly (EISA) is illustrated in Figure 3.1. In this 
process, a sol-gel precursor solution was initially prepared. An inorganic 
source of titanium tetraisopropoxide (TTIP) was dissolved in an alcohol-based 
solvent. Ethanol (EtOH) was chosen as the solvent for its good solubility of all 
organic and inorganic species and good surface wettability with substrates. 
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Water was added giving rise to hydrolyzed (thus, hydrophilic) inorganic 
moieties, while inorganic polymerization was retarded by the acidic medium 
with hydrochloric acid. Acetylacetone (AcAc) was used as a stabilizing agent 
by complexing with titanium ions to slow down their hydrolysis-condensation 
reactivity. Under these conditions, several different groups (-OCH(CH3)2)4, 
-OC2H5, -Cl, -OH, H2O, and AcAc) contribute to chelating the d0 titanium 
centers, leading to the initially tetracoordinated metal centers expanding their 
coordination number from four to six, and thus lowering the reactivity of the 
metal centers.[26] As a consequence, the hydrolysis-condensation reactions 
were hindered and the titanium precursor solution was stable from several 
weeks to months with formation of only small Ti-oxo oligomers in the 
precursor solution. Nonionic triblock copolymer F127 was then added as the 
structure-directing agent. The PEO moieties of F127 charge positively by 
protonation in the acidic medium, and they electrostatically interact with 
positively charged Ti-oxo oligomers intermediated by negative chloride ions. 
The precursor solution was spin coated on a substrate. During this process the 
volatile species (e.g., EtOH, HCl, and H2O) evaporated rapidly, in association 
with a fast decrease in film thickness and a rapid increase in the concentration 
of both nonvolatile organic and inorganic species. It induced the formation of 
micelles when the concentration of F127 was above the critical micelle 
concentration (cmc), where the hydrophilic PEO portions of F127 bonded with 
the remaining polar solvent and the hydrophilic Ti-oxo moieties, and the 
hydrophobic PPO portions were shielded within the micellar interior.[14] 
Further increase in F127 concentration with the proceeding of evaporation 
process resulted in supramolecular assembly of micelles (including the 
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surrounding bonded solvent molecules and Ti-oxo moieties) into various 
liquid crystalline mesostructured hybrids, relying on balancing the interactions 
among the species by adjusting the synthesis variables, such as acidity, the 
water content, the ratio of template to titanium species, and the amount of 
complexing agent in the precursor solution. 
3.1.1 The Role of Acidity 
 
Figure 3.2 TEM images of the mesoporous TiO2 thin films deposited on glass 
substrate with variation of HCl/Ti molar ratios: (a) 0.5, and (b) 1.0, upon 
calcinations at 350 oC. The sol condition was TTIP/F127/AcAc/H2O/EtOH = 
1 : 0.005 : 0.5 : 15 : 40. Scale bar: 50 nm. 
At low level of acidity, the solution precipitated soon after the addition of 
water, as a consequence of too fast inorganic condensation of titanium 
precursors. Better results were obtained in a high acidity (HCl/Ti = 0.5, molar 
ratio, pH ≈ 0.8) with the formation of periodic mesostructures, as shown in the 
transmission electron microscopy (TEM) image (Figure 3.2a). Under this 
acidic condition, the Ti-OH nucleophilic species were positively charged by 
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protonation and repelled each other, which rationally retarded condensation. 
At the same time, depolymerization processes (the inverse of condensation) 
were promoted. Both processes generally lead to the formation of small 
hydrophilic oligomers. The high surface-to-volume ratio of these small entities 
makes them ideal to interact with template molecules in the self-assembly 
process. In addition, the PPO blocks of F127 were expected to display more 
hydrophobicity in a very acidic condition than the PEO blocks.[23] Positively 
charged protonated Ti-oxo species thereby interact preferentially with the 
more hydrophilic PEO blocks to promote cooperative self-assembly due to an 
efficient phase separation of PPO and PEO. However, an excess acidity 
(HCl/Ti = 1.0, pH ≈ 0.59) greatly reduced the condensation such that the 
inorganic network was less consolidated and collapsed during the subsequent 
thermal treatment (Figure 3.2b).[28] 
3.1.2 The Role of Water 
The quenching of condensation by a strong acidic medium is necessary but 
not sufficient to permit the disorder-to-order transition. Controlled 
quantities of water must be added to the initial solution. Figure 3.3 shows 
the TEM images of the mesoporous TiO2 thin films with varying nominal 
atomic ratios of H2O/Ti in the range of 1.8 − 30. The optimal H2O/Ti ratios 
were in the range of 10 − 25, which favored a well organized arrangement 




Chapter 3: Highly Ordered Mesoporous TiO2 Thin Films Via Supramolecular-Templating 
 
 
Figure 3.3 TEM images of the mesoporous TiO2 thin films deposited on glass 
substrate with variation of H2O/Ti molar ratios: (a) 1.8, (b) 10, (c) 15, (d) 20, 
(e) 25, and (f) 30, upon calcinations at 350 oC. The sol condition was 
TTIP/F127/AcAc/HCl/EtOH = 1 : 0.005 : 0.5 : 0.5 : 40. Insets of (b) and (d) 
are another TEM view of the respective samples. Scale bar: 50 nm. 
The small-angle X-ray scattering (SAXS) patterns (Figure 3.4) are 
consistent with the above TEM observations. For the film derived from a 
low water content of H2O/Ti = 1.8, only one broaden diffraction peak 
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positioned at 2θ = 0.69o was shown, with a d-spacing of ∼13 nm. It 
indicates a poor mesostructure ordering of this sample. This peak became 
narrower for the films derived from H2O/Ti = 10 − 25, and a high order 
reflection appeared at 2θ ≈ 0.95o, indicating the formation of a more well 
established mesostructure. Careful examination reveals that the first 
diffraction peak (2θ = 0.69o) was slightly shifted to a lower 2θ angle with 
the increase of water concentration, associated with a slight increase in 
d-spacing. It could be ascribed to the swelling effect of water molecules on 
the mesostructure. Detailed identification and index of these diffraction 
peaks will be described in Chapter 4. 
 
Figure 3.4 SAXS patterns of the mesoporous TiO2 thin films deposited on 
glass substrates with variation of H2O/Ti molar ratios: (A) 1.8, (B) 10, (C) 15, 
(D) 20, and (E) 25, upon calcination at 350 oC. The sol condition was 
TTIP/F127/AcAc/HCl/EtOH = 1 : 0.005 : 0.5 : 0.5 : 40. 
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The presence of water plays essential roles in the self-assembly of liquid 
crystal mesostructures. As has been reported by Sanchez’s group,[23] at a low 
water content, a set of hydrophobic ⋅⋅⋅Ti-O⋅⋅⋅ clusters are formed. These 
hydrophobic clusters would attach to and cap the polar –CH2-CH2-OH ends of 
F127. In addition, both PEO and PPO segments of F127 can coordinate with 
their ⋅⋅⋅O-CH(R)-CH2-O⋅⋅⋅ species to the Ti(IV) ions of the hydrophobic 
clusters. The strong covalent interactions between the templates and the metal 
centers make the inorganic phase developing along the template skeleton. 
Both interactions decrease the hydrophobicity and hydrophilicity difference 
between the PEO and PPO chains, thus promoting template unfolding. The 
deployed templates in return direct the formation of inorganic network to 
ill-defined wormlike mesostructures. 
At a high water content, the polar water molecules weaken the coordination 
bonds between the Ti(IV) and F127, and replace them with weaker hydrogen 
bonding interactions. This lack of metal-template strong interaction allows the 
enhancement in template-template interactions, therefore permitting an 
improved hydrophobic PPO-PPO contact. It also enhances the difference 
between PEO and PPO blocks, promoting template folding and domain 
separation, and finally forming highly curved spherical micelles. At the same 
time, water molecules hydrolyze the inorganic species, making them 
hydrophilic with enhanced interactions with the polar PEO portion of the 
micelles. It is noteworthy that, the continuous exchange of water between the 
film and the atmosphere (relative humidity, RH ≈ 70% in the present study) 
that favors the progressive departure of HCl, also allows condensation and 
stabilization of the inorganic framework around the spherical micelles. The 
62 
Chapter 3: Highly Ordered Mesoporous TiO2 Thin Films Via Supramolecular-Templating 
improved folding of the templates and the enhanced hydrophilic interactions 
between the inorganic species and the PEO domains guarantee the formation 
of well ordered mesophases. 
However, the presence of an excessive amount of water causes the hydrolysis 
and condensation of the titanium species to be so fast that the intermediate 
disordered states “freeze” and this hinder the disorder-to-order transition due 
to the resultant rigid inorganic framework. 
3.1.3 The Role of F127 
 
Figure 3.5 TEM images of the mesoporous TiO2 thin films deposited on glass 
substrate with variation of F127/Ti molar ratios: (a) 0.002, (b) 0.004, (c) 0.005, 
and (d) 0.008, upon calcinations at 350 oC. The sol condition was 
TTIP/AcAc/HCl/H2O/EtOH = 1 : 0.5 : 0.5 : 15 : 40. Scale bar: 50 nm. 
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The large proportion of PEO groups in F127 favours the formation of high 
curvature spherical micelles, as has been demonstrated in pure aqueous 
solutions.[23] The spherical micelles will be organized in an ordered array by 
delicately balancing the interactions between the templating molecules and the 
inorganic species.[87] Under the experimental conditions involved, the optimal 
F127/Ti ratios are in the range of 0.004 − 0.005 (Figure 3.5b − c). At too low 
or too high F127/Ti ratios, nonorganized or ill-defined mesostructures 
composed of the spherical micelles were obtained (Figure 3.5a and d). 
3.1.4 The Role of AcAc 
 
Figure 3.6 TEM image of the mesoporous TiO2 thin film deposited on glass 
substrate derived from AcAc/Ti = 1.0, where the sol condition was 
TTIP/F127/HCl/H2O/EtOH = 1 : 0.005 : 0.5 : 15 : 40. Scale bar: 50 nm. 
Without the addition of AcAc, the sol precursor gelled within 30 minutes 
under the synthesis condition involved (TTIP/F127/HCl/H2O/EtOH = 1 : 
0.005 : 0.5 : 15 : 40). AcAc is used to coordinate with Ti(IV) ions to slow 
down the hydrolysis-condensation reactivity of the titanium precursors. 
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However, an excess amount of AcAc (AcAc/Ti = 1.0) disturbed the 
cooperative self-assembly between the templates and the inorganic species, 
and led to formation of ill-defined wormlike mesostructures (Figure 3.6).   
As described in this section, highly ordered mesostructured TiO2 thin films 
have been synthesized under the sol conditions of 
TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 0.004 − 0.005 : 0.5 : 0.5 : 10 − 25 : 40. 
As will be described in the next section, the condition of 
TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 0.005 : 0.5 : 0.5 : 15 : 40 is chosen for 
the investigation into the effects of thermal treatment on the structure and 
properties of the TiO2 thin films. 
3.2 Highly Ordered Mesoporous TiO2 Thin Films by 
Controlled Thermal Treatment 
Simultaneous differential thermal analysis (DTA) and thermogravimetric 
analysis (TGA) analyses were performed to investigate phase evolution in the 
mesostructured TiO2 thin films during heating (Figure 3.7). The as-deposited 
thin film was almost uncondensed and exhibited a mass loss of 20% at 
temperatures up to 100 oC, according to the TGA analysis (Figure 3.7a). This 
suggests that the as-deposited film has a very fragile structure containing a 
large amount of volatile species arising from the moisture and solvent 
involved. Burnoff of the organic surfactant F127 occurred at temperatures 
between 200 and 300 °C, accompanied by a ∼30% mass decrease shown in the 
TGA curve and an exothermic peak shown in the DTA curve (Figure 3.7b). 
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The decomposition of F127 in mesostructured TiO2 thin films occurred at a 
higher temperature than that of the pure surfactant F127. This is attributed to 
the coordination effect between F127 and TiO2 and thus protection of the 
surfactant by the TiO2 wall. At temperatures of 300 − 400 °C, a gradual loss in 
mass appeared in the TGA curve. This corresponds to a progressive 
condensation of the titaniumoxo network with a gradual elimination of 
hydroxyl groups. At ∼400 °C, the phase transformation from amorphous TiO2 
to anatase phase happened with an exothermic peak appearing in the DTA 
curve. 
 
Figure 3.7 (a) TGA and (b) DTA curves of (A) the mesostructured TiO2 thin 
film and (B) pure F127. In the DTA trace, positive amplitudes correspond to 
exothermic reactions. 
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Based on the thermal analyses above, a set of ageing treatments were chosen 
to evaporate the volatile species, consolidate the inorganic framework, and 
eliminate the template. This is of paramount importance because it determines 
the integrity of the organization, the degree of contraction and the thermal 
stability of the final mesoporous film. The as-deposited film was initially aged 
at a gentle condition, typically at 40 oC for 48 h and then at 110 °C for 24 h in 
air, to pre-consolidate the inorganic network and stabilize the mesophase 
involved. Subsequently, it was heated at 350 oC for 4 h to remove the organic 
templates and furthermore at 450 °C for 1 h to improve the crystallinity of the 
TiO2 framework. 
According to the TEM studies, an ordered mesophase can been detected in the 
as-deposited film (Figure 3.8a), where micelles (the light areas in the TEM 
images) are periodically organized in the titania framework (the dark areas in 
the images). The mesostructure was properly preserved after thermal 
annealing at 40 oC and 110 oC (Figure 3.8b − c). Upon calcination at 350 oC, 
the mesoporous structure was well established after removal of the copolymer 
templates (Figure 3.8d). When the film was annealed at 450 oC, the presence 
of mesopores however appeared to restrain the crystallization reaction of TiO2. 
The mesoporous TiO2 film was therefore only partially crystallized, as 
indicated by the selected area diffraction (SAD) pattern that consists of several 
weak rings (Figure 3.8e inset). The diffraction rings correspond to the (101), 
(200) and (213) planes of anatase, respectively. Further studies of this film 
using HRTEM confirmed the distribution of fine anatase crystallites of about 5 
nm in sizes in a continuous amorphous inorganic framework, rather than the 
severe growth and aggregation of titania particles destroying the regular 
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porous structure (Figure 3.8f). 
 
Figure 3.8 TEM micrographs of the mesostructured TiO2 thin films deposited 
on glass substrate heated at varying temperatures: (a) as-deposited, (b) 40 oC, 
(c) 110 oC, (d) 350 oC, and (e) 450 oC. Inset of (e) is the corresponding SAD 
pattern. (f) is a HRTEM image of (e). Scale bar of (a) − (e): 50 nm. Scale bar 
of (f): 5 nm. 
Figure 3.9 shows the Raman spectra of the thin film samples thermally 
annealed at varying temperatures. No crystalline phase was detected in the 
films thermally annealed at temperatures below 110 oC. Only one broaden 
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band at around 100 to 200 cm−1 was shown for the film annealed at 350 oC. In 
contrast, well established bands at 145, 200, 400, 524 and 640 cm−1, which 
represent six Raman active modes (A1g + 2B1g + 3Eg) of anatase,[88] were 
shown for the mesoporous TiO2 film annealed at 450 oC, confirming the 
occurrence of anatase nanocrystallites. The Raman results are consistent with 
the earlier TEM studies 
 
Figure 3.9 Raman spectra of the mesostructured TiO2 thin films deposited on 
glass substrate heated at varying temperatures: (A) glass substrate, (B) 40 oC, 
(C) 110 oC, (D) 350 oC, and (E) 450 oC.  
Figure 3.10 shows the Fourier transform infrared (FTIR) transmittance spectra 
of the mesostructured TiO2 thin films in the wavelength range of 4000 − 400 
cm−1. Two large bands centered at 3400 and 1625 cm−1, assigned to the 
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stretching vibration of O-H (νOH) and the bending vibration of H-O-H (δOH), 
respectively, were observed for all the films. The as-deposited film exhibited 
strong absorption of these two bands, attributable to structure or surface 
hydroxyl groups (including strongly bound water) and hydroxyl groups from 
physisorbed solvents such as ethanol and water. The bands faded upon thermal 
treatment, but were still prominent even after calcination of the film at 350 °C, 
revealing that a large number of hydroxyl groups persist in the film after a 
relatively severe thermal treatment. As the sample heated at 350 oC is 
immediately used in the FTIR studies after cooling, which can avoid exposure 
to the air moisture for a long time, it is reasonable to assume that the 
contribution from physisorbed solvents in the porous media is insignificant. 
The observation of O-H vibration bands at 350 oC therefore indicates the 
presence of a large number of hydroxyl groups in Ti-OH and a low degree of 
condensation of the inorganic framework. It is also indicative of the formation 
of large quantities of hydrogen bonds between hydroxyl groups of Ti-OH 
themselves and between hydroxyl groups of Ti-OH and the remaining water 
molecules. Such hydroxyl groups can certainly be used as binding sites for 
surface modification in the multifunctionalization of the sample surface in 
order to extend the possible applications to advanced functional materials.  
The low-frequency band in the range of 900 − 400 cm−1 corresponds to the 
νTiOTi of the inorganic framework. The intensity of this band increased, 
evidencing enhanced condensation as the thermal treatment proceeded. The 
bands at 3000 − 2800 cm−1 (νCH) and 1500 − 1350 cm−1 (δCH) regions are 
characteristic of CH2 and CH3 groups. They disappeared at 350 °C, indicating 
the complete removal of the copolymer template. The FTIR results, combined 
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with the TEM images (Figure 3.8d − f), prove that the mesophase in the TiO2 
film calcined at 350 oC and above is a real mesoporous structure. 
 
Figure 3.10 FTIR spectra of the mesostructured TiO2 thin films deposited on 
glass substrate heated at varying temperatures: (A) as-deposited, (B) 40 oC, (C) 
110 oC, and (D) 350 oC. 
The refractive index (n) measured at 632.8 nm wavelength for the mesoporous 
TiO2 thin films and their counterpart solid TiO2 films was evaluated using 
ellipsometry and summarized in Table 3.1. The solid TiO2 films were prepared 
following the same experimental procedures as those for the preparation of 
mesoporous films but without addition of the copolymer templates. It is 
apparent that the mesoporous films have lower refractive indices than those of 
the solid films, due to an increased amount of void space in the former. As 
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shown in Table 3.1, the refractive index increased with increasing heat 
treatment temperature, which is ascribed to the formation of a denser TiO2 
nanostructure in the film in association with the enhanced nanocrystallinity at 
higher temperatures. Given that the refractive index is directly correlated with 





















                               (3−1) 
where nf is the refractive index of the mesoporous film, ns is the refractive 
index of the solid framework of the mesoporous film, and Vp is the pore 
volume fraction. The refractive index of the solid TiO2 films was assumed for 
ns here. The pore volume fraction was thereby estimated to be 30 − 40% for 
the mesoporous TiO2 thin films calcined at 350 − 450 oC, as listed in Table 
3.1. 
Table 3.1 Refractive index and porosity of the mesoporous TiO2 thin films 
deposited on glass substrate, thermally treated at 350 and 450 oC, respectively, 
where the measurement was operated at a relative humidity of 70%. 








350 1.49 1.86 36 
450 1.64 2.07 31 
It is important to point out that the determination of pore volume of a 
mesoporous film based on its refractive index should be delicate, in terms of 
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an inappropriate relation between the refractive index and the porosity. For 
example, materials that have the same level of porosity but different 
morphology and orientation of pores with respect to the incident beam 
direction will exhibit different refractive indices as a result of the different 
dielectric responses. Also, the hydrophilic character of the TiO2 walls 
promotes the adsorption of water within the pores, which reduces the 
refractive indices measured by ellipsometry, and thus overestimates the pore 
volume. 
 
Figure 3.11 UV-vis transmittance spectra of (A) the blank quartz substrate, 
and (B) the mesoporous TiO2 thin film deposited on quartz substrate thermally 
annealed at 350 oC. The spectra were obtained using air as the reference. The 
film annealed at 350 oC is 150 nm in thickness. 
Ultraviolet-visible (UV-vis) spectroscopy was employed to characterize the 
optical behavior and electronic structure of the mesostructured TiO2 thin films. 
As shown in Figure 3.11, the mesoporous film deposited on quartz substrate 
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thermally annealed at 350 oC was optically transparent with a transmittance 
higher than 85% in the visible region. The sharp decrease in transmittance at 
around 360 nm is related to the semiconductor band gap of TiO2, where 
electrons are excited from valence band to conduction band. 
 
Figure 3.12 Absorption spectra of the mesostructured TiO2 thin films 
deposited on quartz substrate heated at varying temperatures: (A) as-deposited 
(340 nm), (B) 40 oC (290 nm), (C) 110 oC (240 nm), (D) 350 oC (150 nm), and 
(E) 450 oC (120 nm). The absorption data were obtained using quartz substrate 
as the reference. The absorption coeffeicient was calculated according to 
Equation (2−4). The values in the brackets represent the corresponding film 
thicknesses. 
The absorption edge of the mesostructured TiO2 thin films showed a slight 
“red shift” with increasing thermal annealing temperature (Figure 3.12), 
accompanied by an increase in the absorption coefficient (α), which is 
ascribed to the enhanced nanocrystallinity with the rise in thermal annealing 
temperature. The absence of absorption at above 370 nm suggests that the 
TiO2 thin films do not scatter much light in the visible region of the spectrum. 
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Figure 3.13 plots the change of (αhν)1/2 against photon energy (hν) for the 
mesostructured TiO2 thin films, where the intercept on x-axis gives an indirect 
band gap energy of 3.63, 3.40 and 3.37 eV for the films annealed at 110 oC, 
350 oC and 450 oC, respectively. The blue shift in the region of 0.2 − 0.4 eV 
with respect to that of bulk anatase TiO2 (3.2 eV) is attributed to the quantum 
size effect arising from the TiO2 nanocrystallites.[53] Generally, semiconductor 
nanocrystallites exhibit pronounced quantum confinement effect,[90,91] when 
their sizes are smaller than the bulk exciton Bohr radius (e.g., 2 – 10 nm for 
TiO2), where the spatial confinement of photogenerated excitons or 
electron-hole pairs within the physical boundaries of the low-dimensional 
nanocrystallites causes the electronic levels of semiconductors to rise to higher 
energy levels.[92]  
 
Figure 3.13 Plots of (αhν)1/2 versus photon energy (hν) for the mesostructured 
TiO2 thin films deposited on quartz substrate heated at varying temperatures: 
(A) 110 oC, (B) 350 oC, and (C) 450 oC. 
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The increase in band gap of the mesoporous TiO2 thin film suggests its 
potential as an effective photocatalyst. This is because the photocatalytic 
process can be considered similar to an electrochemical cell; an increase in 
band gap implies an enhanced oxidation-reduction potential based on Equation 
(3−2):  
nFEG −=Δ                                              (3−2) 
where ΔG is the change in Gibbs free energy of the redox process occurring in 
the photocatalytic system, n is the number of moles of electrons involved in 
the redox process, F is the Faraday’s constant, and E represents the band gap 
of the semiconductor.[53] 
In addition, the band gap decreases with increasing temperature, due to an 
increase in the crystallite size and thus a weakening in the spatial confinement 
effect. Although the decrease in the band gap may harm the 
oxidation-reduction ability, the enhanced crystallinity with increasing 
temperature is associated with a decreasing density of structural defects, which 
is beneficial to the photocatalytic ability by reducing the charge carrier 
recombination. 
3.3 Remarks 
Mesoporous TiO2 thin films have been successfully synthesized via a sol-gel 
route using amphiphilic triblock copolymer as the template. The optimum sol 
precursor conditions were identified to be TTIP/F127/AcAc/HCl/H2O/EtOH = 
1 : 0.004 − 0.005 : 0.5 : 0.5 : 10 − 25 : 40. After deposition as a film on the 
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substrate, an ordered mesoporous structure was eventually formed in the film 
exhibiting a semicrystalline (anatase) framework at a calcination temperature 
up to 450 oC. The fundamental optical properties and electronic structure of 
the ordered mesostructured TiO2 thin films were investigated, showing a red 
shift in absorption edge, together with a decrease in band gap energy, with 
increasing annealing temperature. The observed blue shift in UV-vis 
absorption edge with respect to that of bulk anatase TiO2 suggests that the 
size-quantization effect occurs in the mesostructured TiO2 thin films. Having 
observed the remarkable effects of several synthesis parameters involved in 
supramolecular templating and having investigated some of the basic optical 
and band gap properties for the mesoporous TiO2 thin films, it will be of 
tremendous interest to study the mesopore configuration and mesophase 
evolution in the supramolecular-templated TiO2 thin films. This has led to the 
work described in the next chapter. 
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CHAPTER 4: INDEX AND IDENTIFICATION OF 
BODY-CENTERED ORTHORHOMBIC 
MESOPHASE IN SUPRAMOLECULAR- 
TEMPLATED TIO2 THIN FILMS 
One of the remarkable features of mesoporous ceramic materials is the high 
diversity in superstructures, where mesostructures of various pore dimensions 
(2 to 30 nm in diameter) and mesophase configurations (hexagonal, cubic, and 
lamellar, etc.) have been synthesized. In particular, a higher degree of structure 
complexity has been observed in mesostructured films, where the mesophases 
are aligned with a particular plane, typically their respective densest plane, 
parallel to substrate. For example, 2D-hexagonal (p6mm),[93,94] body-centered 
cubic (bcc, Im3m),[95−97] and face-centered cubic (fcc, Fm3m)[98,99] mesophases 
were observed in mesostructured films to align with their densest planes of 
(010), (110), and (111), respectively, parallel to substrate.  
These oriented mesostructures undergo an unavoidable uniaxial contraction in 
the normal direction of substrate during drying or heating,[93] due to the low 
degree of polymerization of the inorganic framework and the flexible nature of 
the hybrid matrix. The adhesion force of the film to substrate however hinders 
its contraction in the direction parallel to the substrate. This causes a shrinkage 
of the unit cell and distortion of the pore shape along the normal direction of 
substrate, whereby a new porous structure can result. Accordingly, 
[010]-oriented 2D hexagonal, [110]-oriented bcc, and [111]-oriented fcc 
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mesophases will distort into 2D-centered rectangular (C2mm),[93,94] 
face-centered orthorhombic (Fmmm),[95−97] and [111]-oriented rhombohedral 
structures,[99,100] respectively, by following the epitaxial relationships of group 
theory. 
Most of the previous research works reported on mesophase orientation are 
limited to silica-based mesoporous materials. Other systems, such as transition 
metal mesostructured materials, are less investigated in both structural variety 
and alignment. This could well be due to the chemistry complexity of the 
transition metal oxide precursors, where the high reactivity towards hydrolysis 
and condensation makes it difficult to control the orderliness and stability of 
the resulted mesostructures.[8] The low degree of order and stability at the 
mesoscopic scale increase the difficulty in identifying the mesostructures by 
the currently available characterization techniques.  
The characterization techniques that have been widely used to identify the 
mesophases include small-angle X-ray scattering (SAXS), X-ray diffraction 
(XRD), and transmission electron microscopy (TEM). These techniques have 
difficulties in giving an unambiguous identification and index of the 
mesostructures. For SAXS and XRD techniques for example, the difficulties 
essentially arise from the limited number of diffraction peaks, as a result of the 
low degree of organization in the mesostructured film, the exponential decay 
of the diffraction intensity for high order reflections, and the sensitivity limit 
of the instruments. The splitting of the diffraction spots in SAXS is another 
problem, owing to the grazing-incidence geometry that induces instrumental 
effects. Even worse, the well-known uniaxial contraction phenomenon in 
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mesostructured films can lead to a reduction in structural symmetry, making 
the diffraction patterns more diverse and irregular, and consequently impeding 
an unequivocal identification of the mesostructures. For TEM, the field of 
view is relatively small, raising the possibility that the region analyzed may 
not be characteristic of the whole sample. The sample may also undergo a 
shrinkage caused by the heat induced by the electron beam. In addition, TEM 
image features are extremely sensitive to many factors, such as the specimen 
tilting or focusing effects, or overlapping of the specimen, which can create 
confusion or generate artifacts.[101] 
In this chapter, an investigation is made into indentifying and indexing the 
mesophase that was synthesized from the sol precursor of 
TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 0.005 : 0.5 : 0.5 : 15 : 40. Triblock 
copolymer Pluronic F127 was chosen in this study, as it generates thick TiO2 
walls exhibiting remarkable high thermal stability.[87] To characterize the 
mesophase thin films, both TEM cross-sectional and scanning electron 
microscopy (SEM) plan views are employed to build a three-dimensional 
image of organization in the mesostructured TiO2 films, followed by 
measurement using SAXS in normal incident geometry, and XRD in 
Bragg-Brentano geometry. In the SAXS measurement, the mesoporous TiO2 
films were scraped off the glass substrates, and sandwiched in between two 
transparent tape layers, in order to avoid the unfavorable scattering 
disturbance of substrate. The results obtained from SAXS have a better 
representation because of the large amount of sample used. 
80 
Chapter 4: Index and Identification of Body-Centered Orthorhombic Mesophase  
4.1 Mesophase Identification and Evolution in 
Supramolecular-Templated TiO2 Thin Films 
 
Figure 4.1 Cross-sectional TEM images of the mesoporous TiO2 thin film 
deposited on glass substrate that was thermally annealed at 350 ºC, with 
projections along the (a) [010] and (b) [110] zone axes, respectively. Scale bar: 
50 nm. Inset of (a) is the Fourier transform pattern obtained from the image. 
Insets of (b) are the enlarged image (left) and the Fourier transform pattern 
(right) of (b). 
Two cross-sectional TEM images of the mesoporous TiO2 thin film thermally 
annealed at 350 ºC are shown in Figure 4.1, with their respective Fourier 
transform patterns. In Figure 4.1a, a two-fold symmetry was observed, with a 
lattice spacing of 7.5 nm for the plane perpendicular to the film surface and 
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5.3 nm for the plane parallel to the film surface. Figure 4.1b displays a 
rectangular symmetry, with lattice spacings of 13.0 nm and 5.3 nm for the 
planes perpendicular and parallel to the film surface, respectively. Figure 4.1 
also indicates that the pore configuration in the film orients with a particular 
<hkl> direction, corresponding to lattice planes parallel to the film surface 
with a d-spacing of 5.3 nm. 
 
Figure 4.2 High resolution SEM image (top-view) of the mesoporous TiO2 
thin film deposited on glass substrate thermally annealed at 350 ºC. Scale bar: 
100 nm. 
High resolution SEM image in top view (Figure 4.2) shows a sixfold 
symmetry of mesopores in the film plane, with lattice spacings of 7.5 nm and 
13.0 nm for the planes in the transverse and longitudinal directions, 
respectively. Taking into account of the symmetry and the relationships 
between the d-spacings observed in both cross-sectional and top views, a 
body-centered orthorhombic Bravais lattice with the [001] axis perpendicular 
to the substrate and the cell parameter b equal to 3 a is generated to index 
the pore configuration, as illustrated in Figure 4.3a. Figure 4.1a, Figure 4.1b, 
and Figure 4.2 are the images with the projections along the [010], [110], and 
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[001] zone axes, respectively. The lattice parameters of a, b, and c are then 
evaluated to be 15.0, 26.0, and 10.6 nm, respectively. The corresponding 
reciprocal lattice is illustrated in Figure 4.3b, with overlapping of some lattice 
points since the cell parameter b is equal to 3 a. This specific 3  
relationship indicates a higher symmetry from which the body-centered 
orthorhombic can orginate.  
Given that TEM and SEM are local probing techniques, other 
characterizations on the global scale were performed, in order to identify the 
structure. XRD in Bragg-Brentano geometry was firstly explored to 
characterize the lattice planes parallel to the substrate surface. Figure 4.4 
shows the XRD patterns of the mesostructured TiO2 thin films during heating 
treatment. Only one peak was recorded at low Bragg angles (denoted as P1) 
and it shifted to a higher 2θ angle with thermal heating, associated with a 
decrease of d-spacings. As shown in Figure 4.3c, the d-spacings of lattice 
planes are differently affected by the uniaxial contraction according to their 
plane orientation. The d-spacing of the planes perpendicular to the substrate 
(type A) remains almost unaffected by the uniaxial contraction. The d-spacing 
of the plane parallel to the substrate (type B) is significantly reduced, and that 
of the planes in other directions (type C) changes in between. Because P1 
represents a plane parallel to substrate (type B) based on the XRD setup, its 
d-spacing decreases with heating, explaining the shift of P1 in XRD patterns. 
The reduction also indicates that the titanium-oxo network is not rigid enough 
to stabilize the mesophase during the heat treatment process.  
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Figure 4.3 Scheme presentation of (a) an body-centered orthorhombic unit 
cell, (b) the reciprocal lattice of orthorhombic symmetry with [001] orientation 
on the qa-qb (top), and qc-qr (bottom) planes, respectively, and (c) the variation 
of d-spacings for different types of lattice planes due to uniaxial contraction. 
In addition, the intensity of P1 increased with heating initially due to an 
enhanced contrast in electronic density between walls and micelles,[93] and 
then declined when the temperature was above 250 ºC. This indicates 
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deterioration of the long-range mesostructure order when temperature was 
above 250 ºC, in association with the gradual decomposition of 
supramolecular templating molecules. Moreover, the observance of only one 
peak evidences that the pore configuration takes a strong preferential 
orientation during the mesophase evolution, although there are quantities of 
defects present in the film as indicated by the broadening of peaks. The 
film/substrate and film/air interfaces are believed to be the orientation driving 
forces.[102] 
 
Figure 4.4 XRD spectra of the mesostructured TiO2 thin films deposited on 
glass substrate heated at varying temperatures: (A) 40 oC, (B) 80 oC, (C) 110 
oC, (D) 250 oC, (E) 275 oC, (F) 350 oC, and (G) 450 oC. 
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For the TiO2 film thermally annealed at 350 ºC, a d-spacing of 5.2 nm (2θ = 
1.69o) was calculated and the result agrees well with the TEM measurement of 
d(002) = 5.3 nm (Figure 4.1), both representing the d-spacings of the planes 
parallel to the film surface. The small differences could be well ascribed to the 
tilting and focusing effects associated with the TEM technique. Therefore, P1 
could be assigned to be (002), as indicated by the body-centered orthorhombic 
structure analysis shown in Figure 4.3a − b. 
Figure 4.5 shows the evolution of SAXS patterns upon heating at different 
temperatures for the mesostructured TiO2 thin films. The intensity of the 
diffraction peaks was integrated directly from the CCD image. It however 
cannot be quantitatively compared because the amount of sample scraps used 
for each measurement is hard to standardized. An intense and narrow peak 
(denoted as P2) was recorded in the diffraction patterns. Its position, as well as 
the d-spacing of P2, remained almost unchanged by heating at different 
temperatures. P2 is therefore representative of a plane perpendicular to the 
substrate (type A), with a d-spacing of ∼13 nm. A better ordering (denoted as 
P3) is traceable by SAXS for the film thermally annealed at 250 ºC because of 
an increased contrast in electronic density between inorganic walls and 
micelles.[93] This high order reflection peak however was remarkably 
weakened and broadened when the temperature was above 250 ºC, in 
association with the decomposition of surfactant molecules as mentioned 
earlier. The same as P2, P3 also represents a plane perpendicular to the 
substrate and has a d-spacing of ∼7.5 nm. According to the reciprocal lattice of 
orthorhombic structure shown in Figure 4.3b, P2 and P3 are assigned to be 
(110/020) and (200/130), respectively.  
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Figure 4.5 (a) − (b) SAXS patterns of the mesostructured TiO2 thin films 
deposited on glass substrate heated at various temperatures: (A) 40 oC, (B) 80 
oC, (C) 110 oC, (D) 250 oC, (E) 350 oC, and (F) 450 oC. 
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In particular, for the TiO2 film thermally annealed at 350 ºC, a d-spacing of 
13.2 nm (2θ = 0.67o) was calculated for P2, which agrees well with the TEM 
measurement of d(110) = 13.0 nm (Figure 4.1b) and SEM measurement of d(020) 
= 13.0 nm (Figure 4.2). P3 has a d-spacing of 7.5 nm (2θ = 1.18o). It also well 
matches with the image analysis of d(200) = 7.5 nm in both Figure 4.1a and 
Figure 4.2. 
Up to now, P1, P2, and P3 are assigned to be (002), (110/020), and (200/130), 
respectively. There is one more unidentified peak (denoted as P4) which 
shifted smoothly towards a higher 2θ position during the thermal treatment. It 
thus corresponds to a plane at a small angle with the normal direction of 
substrate (type C). According to the d-spacing formula of orthorhombic 


















=                                (4−1) 
one can calculate the cell parameters of a, b, and c, on the basis of the values 
of d(110/020) and d(002) obtained from SAXS and XRD, respectively. The results 
are summarized in Table 4.1. It was found that the (101) plane of the 
orthorhombic structure can be fitted to P4, with fitting errors less than 10%. It 
is acceptable, by considering the instrumental errors and the inaccurate 
evaluation of P4 due to its broadness.  
A careful examination of Figure 4.5 and Table 4.1 reveals that the degree of 
organization of the micelles was low at the early stages of thermal annealing 
(≤ 80 ºC) due to an imperfect disorder-to-order transition of the micellar 
assemblies during the rapid drying process via spin coating. However, the 
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alignment was able to improve when the film was annealed at a higher 
temperature (110 ºC) due to the flexibility of the micelles in the film and their 
rearrangement into a more perfect organization with the help of thermal 
energy applied, in order to minimize the system free energy. The 
rearrangement is accompanied by a slight increase in the cell parameters of a 
and b. At the same time, the orthorhombic unit cells underwent a shrinkage 
along the [001] axis. A continuous shrinkage of the orthorhombic unit cell 
along the [001] direction took place during subsequent thermal treatment. The 
in-plane and out-of-plane parameters were unequally affected. The cell 
parameters a and b remained almost unchanged, and c underwent a 
unidirectional decrease. 
Table 4.1 Change of the inter-planar spacings (d(002) and d(110/020)), and 
correlated cell parameters (a, b, and c) with temperature. Fitting of the (101) 




























40 7.9 12.4 14.3 24.8 15.8 10.6 - - 
80 7.7 12.6 14.5 25.2 15.4 10.6 11.2 -5.4 
110 6.7 13.2 15.2 26.4 13.4 10.1 10.9 -7.3 
250 6.6 13.2 15.2 26.4 13.2 10.0 10.5 -4.8 
350 5.2 13.2 15.2 26.4 10.4 8.6 9.1 -5.5 
450 5.0 13.2 15.2 26.4 10.0 8.4 9.0 -6.7 
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Overall, the XRD and SAXS results discussed above support the imaging 
analysis and confirm that the pore configuration in the TiO2 films are of a 
body-centered orthorhombic symmetry with [001] orientation. The phase 
evolution involved a continuous contraction of orthorhombic unit cell along 
the [001] direction during the thermal treatment. As a result, the final 
mesostructure is composed of highly anisotropic pores in an oblate spheroid 
shape. For the film thermally annealed at 350 ºC, the average equatorial and 
polar diameters of the pores were evaluated to be 9.6 ± 0.7 nm and 3.8 ± 0.4 
nm, respectively (Figure 4.1a), with a shrinkage of around 60% along the 
normal direction of the film surface. Since it is difficult to measure the initial 
value of c, because non-distorted mesophases may only exist transitional 
following the deposition of films on substrates,[94,99] the original length of c 
has to be calculated based on the shrinkage of pore shape. This is calculated to 
be 26.3 nm, close to b, indicating that the body-centered orthorhombic 
symmetry may well originate from a body-centered tetragonal structure 
orienting with the square base perpendicular to the film surface. 
It is noteworthy that, although the [001]-oriented body-centered orthorhombic 
mesophase represents the major pore configuration in the TiO2 thin film, 
mesopore arrays in other orientations were still viewed by TEM, for example, 
in the [110] orientation (Figure 4.6a), or a channel-like configuration due to a 
tilted projection from the [001] zone axis (Figure 4.6b). In addition, in-plane 
preferential orientation of the mesophase was not observed. Therefore, an 
oriented mesophase is more analogous to a polycrystalline film with a 
preferred c-axis orientation. 
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Figure 4.6 TEM micrographs of the mesoporous TiO2 thin film that was 
thermally annealed at 350 ºC: (a) mesopore array in [110] orientation, and (b) 
a channel-like configuration due to a tilted projection from the [001] zone axis. 
Scale bar: 50 nm. 
4.2 Remarks 
The mesostructure organization in the TiO2 thin films derived from 
PEO-PPO-PEO triblock copolymers as templates has been investigated in 
detail, where the resulting complex nanostructures have been characterized 
using a combination of TEM, SEM, SAXS, and XRD measurements. The 
mesopores were shown to organize in a body-centered orthorhombic 
symmetry with the [001] axis perpendicular to the film surface and the lattice 
parameter b equal to 3 a. The mesophase originated from a body-centered 
tetragonal structure orienting with the square base perpendicular to the film 
surface. To the best of my knowledge, this is the first time that a mesophase 
evolution from a body-centered tetragonal to body-centered orthorhombic 
symmetry has been identified. At the initial stage of thermal annealing, the 
flexibility of the film allows an improvement in the pore arrangement by 
heating, together with a uniaxial contraction of the film along the normal 
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direction of substrate. This is followed by a continuous shrinkage of the 
orthorhombic unit cell along the [001] direction, with the in-plane parameters 
a and b preserved whereas the out-of-plane parameter c markedly reduced. 
The pore organization deteriorated when the copolymer templates were 
removed by thermal decomposition, where TiO2 mesoporous structure was 
established. 
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CHAPTER 5: SUBSTRATE-ASSISTED 
CRYSTALLIZATION AND PHOTOCATALYTIC 
PROPERTIES OF MESOPOROUS TIO2 THIN 
FILMS 
As discussed in the previous two chapters, the highly ordered mesoporous 
TiO2 thin films have been synthesized via a supramolecular-templated sol-gel 
route, where the relationships between the synthesis parameters (e.g., 
precursor conditions, and temperature) and the resulting mesostructures (e.g., 
pore configuration, nanocrystallinity, and electronic structure of TiO2) have 
been established. This helps understand the morphology and phase evolution 
of mesostructured TiO2 on the one hand; on the other hand however, these 
studies are limited to the mesoporous structures of low crystallinity.  
The crystallinity and crystallite size of TiO2 comprising the pore walls largely 
determine the performance of the mesoporous material in practical 
applications, for example in photocatalysis, since the intrinsic behaviors of 
TiO2 are governed by the extent and nature of its crystalline phase. 
Unfortunately, crystallization in an uncontrolled manner by conventional 
thermal treatment often leads to collapse of the mesoporous TiO2 network due 
to extensive growth of nanocrystals.[16] Therefore, it is very important to find 
an effective approach to achieve high nanocrystallinity and at the same time 
preserve the ordered mesoporous structures. 
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As far as I understand, the texture development and nanocrystallinity of thin 
films can be strongly affected by the nature and characteristics of substrate, 
where the interface between the substrate and thin film can involve a number 
of phenomena, such as epitaxy, residual stress and strain, and interfacial 
energies.[103,104] In this chapter, I will explore the effect of substrate types on 
the pore configuration and nanocrystallinity of mesoporous TiO2 thin films, 
when the surfactant templating was employed to realize the mesoporous 
structures from the sol precursor of TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 
0.004 : 0.5 : 0.5 : 15 : 40 (molar ratios). Three types of substrates, namely 
amorphous glass, polycrystalline Pt and single-crystal Si(111) substrates, were 
employed in this study. Indeed, as detailed below, both mesopore 
configurations and nanocrystallinity of TiO2 thin films are strongly affected by 
the substrate type. The photocatalytic activity of these mesoporous TiO2 films 
using methylene blue (MB) as a photocatalytic reactant is also investigated. 
The effectiveness of photocatalytic reactions is proven to strongly depend on 
the level of porosity, the specific surface area and more importantly the 
nanocrystallinity of TiO2. In addition, the mesoporous films of enhanced 
nanocrystallinity demonstrate photoluminescence at room temperature, which 
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5.1 Morphology and Crystalline Phase Evolution of 
Mesoporous TiO2 Thin Films Deposited on Different 
Substrates 
 
Figure 5.1 SAXS patterns of the mesoporous TiO2 thin films deposited on (A) 
amorphous glass, (B) polycrystalline Pt, and (C) single-crystal Si(111) 
substrates, after calcination at 350 oC. 
Figure 5.1 shows small-angle X-ray scattering (SAXS) patterns of the 
mesoporous TiO2 thin films deposited on amorphous glass, polycrystalline Pt 
and single-crystal Si(111) substrates, respectively, after calcination at 350 oC. 
Based on the detailed mesophase characterization performed in Chapter 4, the 
two diffraction peaks shown in Figure 5.1 were indexed as the (110) and (101) 
planes, respectively. There was no significant change in the position of the 
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(110) diffraction peak, when the substrate was changed from amorphous glass, 
to polycrystalline Pt and then to single-crystal Si(111). However, the peak 
intensity for the film deposited on Si(111) was much reduced. Additionally, 
the (101) peak disappeared for the films deposited on polycrystalline Pt and 
single-crystal Si(111) substrates. These indicate that the film deposited on 
glass substrate has the highest degree of mesoscopic ordering, whereas the 
mesoporous structure of the film deposited on Si(111) substrate has undergone 
the worst degradation. 
Transmission electron microscopy (TEM) as a local probing technique 
provides more detailed information on the mesostructure of the three TiO2 
films. Compared with the discrete mesopores for the film deposited on 
amorphous glass substrate (Figure 5.2a), polycrystalline Pt and single-crystal 
Si(111) substrates led to a cage-like pore configuration, where the mesopores 
became more inter-connected and surrounded by TiO2 nanoparticle islands 
(Figure 5.2b − c). The selected area diffraction (SAD) pattern (Figure 5.2e) 
reveals that the TiO2 film deposited on polycrystalline Pt substrate was 
partially crystallized with anatase phase. A further enhanced nanocrystallinity 
was shown for the TiO2 film deposited on Si(111) substrate, as evidenced by 
the well-established diffraction pattern (Figure 5.2f). Admittedly, 
crystallization often degrades the mesoporous structure, leading to partial 
contraction of mesopores and even collapse of the local TiO2 network. Studies 
using high resolution TEM of the film deposited on polycrystalline Pt 
substrate (Figure 5.2d) confirms the formation of anatase nanocrytals with a 
quantum dot-like arrangement embedded in the mesopore arrays. The 
nanocrystal size, as evaluated by studying 200 nanoparticles, is 8.8 ± 0.8 nm 
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for the TiO2 film deposited on polycrystalline Pt substrate, which is slightly 
smaller than that of the film deposited on Si(111) substrate (10.8 ± 1.3 nm). 
 
Figure 5.2 TEM images with projection along the [110] zone axis of the 
mesoporous TiO2 thin films deposited on (a) amorphous glass, (b) 
polycrystalline Pt, and (c) single-crystal Si(111) substrates; (d) HRTEM image 
of the TiO2 thin film deposited on polycrystalline Pt; (e) and (f) are the SAD 
patterns of (b) and (c), respectively. Scale bar: 50 nm. 
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Shown in Figure 5.3 are the Raman spectra of the mesoporous TiO2 thin films 
deposited on the three substrates. Obviously, no clear crystalline phase was 
formed on the amorphous glass substrate at 350 oC. In contrast, well 
established bands at 148, 201, 403, and 644 cm−1, which represent six Raman 
active modes (A1g + 2B1g + 3Eg) of anatase,[88] were observed for those 
deposited on the polycrystalline Pt and single-crystal Si(111) substrates.  
 
 
Figure 5.3 Raman spectra of the mesoporous TiO2 thin films deposited on (A) 
amorphous glass, (B) polycrystalline Pt, and (C) single-crystal Si(111) 
substrates, after calcination at 350 oC. 
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Figure 5.4 The change in frequency and peak width of the lowest frequency 
Eg mode for mesoporous TiO2 thin films deposited on (a) amorphous glass, (b) 
polycrystalline Pt, and (c) single-crystal Si(111) substrates, upon calcination at 
350 oC. The dots are for the experimental data and the full curves are fit to 
Lorentzian distribution. 
Figures 5.4a − c show the changes in frequency and peak width of the lowest 
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frequency Eg mode for TiO2 thin films deposited on the three substrates, 
respectively, where the full curves represent the fitting results and the dots are 
for the experimental data. There occurred a red shift in frequency and a 
decrease in width of the lowest frequency Eg mode from amorphous glass, to 
polycrystalline Pt and then to single-crystal Si(111) substrates, with full width 
at half maximum (fwhm) of 35.4, 17.5 and 14.6 cm−1 and frequencies (f) of 
151.8, 148.4 and 145.2 cm−1, respectively. 
It is well understood that a refinement in crystallite size to the nanometer 
range, together with a high density of defects in thin films, which is closely 
related to the degree of nanocrystallinity, can lead to a frequency shift and 
width change of Raman peaks. The Raman peak usually experiences a blue 
shift and asymmetry broadening when the crystallite size decreases, which is 
accounted for by a combined process involving phonon confinement and 
non-stoichiometry effects.[105,106] In the present study, the red shift and 
narrowing of the Eg mode with increasing TiO2 crystallite size from the glass, 
to Pt and then to Si(111) substrates is thus ascribed to a weakening of the 
above effects. The Raman data is consistent with the earlier SAD studies, 
where there is an apparent enhancement in the nanocrystallinity of anatase 
phase for the films deposited on Si(111) and Pt substrates, as compared to that 
deposited on amorphous glass. 
Figure 5.5 shows the X-ray diffraction (XRD) spectra of the mesoporous thin 
films deposited on the three substrates, namely amorphous glass, 
polycrystalline Pt and single-crystal Si(111) substrates. Both polycrystalline Pt 
and single-crystal Si(111) substrates gave rise to well established peaks of 
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anatase phase, which can be ascribed to the (101), (004), (200), (105), (211), 
and (204) planes. The fwhm of the (101) peak was further obtained by fitting 
to Gaussian distribution (Figure 5.6), where the calculation of the peak width 
using the Scherrer equation yielded an average crystallite size of 8.9 and 9.8 
nm for the mesoporous TiO2 films deposited on polycrystalline Pt and 
single-crystal Si(111) substrates, respectively. These are in excellent 
agreement with those obtained from the TEM studies, confirming that the film 
deposited on the Si(111) substrate exhibited the highest crystallinity and the 
largest crystallite size. 
 
Figure 5.5 XRD spectra of the mesoporous TiO2 thin films deposited on (A) 
amorphous glass, (B) polycrystalline Pt, and (C) singe-crystal Si(111), upon 
calcination at 350 oC. 
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Figure 5.6 Lineshapes of the (101) diffraction peak of mesoporous TiO2 thin 
films deposited on (a) polycrystalline Pt, and (b) single-crystal Si(111). The 
dots are for the experimental data and the full curves are fit to Gaussian 
distribution. 
On the basis of the discussion above, the effect of substrate type on promoting 
crystallization can be summarized as: single-crystal Si(111) > polycrystalline 
Pt > amorphous glass. Apparently, the single-crystal Si(111) substrate, which 
exhibits a highly ordered crystal structure on the surface, can significantly 
facilitate crystallization of the mesoporous TiO2 thin film.[107] This is followed 
by polycrystalline Pt, while amorphous glass has the least effect. Studies of 
surface roughness also support the fact that both Si(111) and Pt promoted 
crystallization of the mesoporous TiO2 thin film. For example, a surface 
roughness of 0.783, 1.463, 1.493 nm was measured for the mesoporous films 
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deposited on amorphous glass, polycrystalline Pt and single-crystal Si(111) 
substrates, respectively. Undoubtedly, crystal growth had increased the surface 
roughness, when polycrystalline Pt and single-crystal Si(111) substrates were 
used as the substrates for depositing mesoporous TiO2 thin films. 
A mechanism is herein proposed to explain the morphology change and phase 
evolution in mesoporous TiO2 thin films as affected by the three types of 
substrates investigated in the present work. Both single-crystal Si(111) and 
polycrystalline Pt substrates exhibit a more ordered surface structure than that 
of amorphous glass. Therefore they can offer sites for heterogeneous 
nucleation, which reduces the energy barrier for TiO2 to nucleate.[108] Thus, a 
relatively low temperature is required to rearrange atoms in the local scales to 
form TiO2 crystallites for subsequent crystal growth. In the presence of a 
mesoporous structure however, the pore network disfavors formation of an 
ideal crystal structure in extended three dimensions. Therefore, small 
crystallites will first nucleate within the walls of the mesoporous structure.  
To further reduce the total energy of the system, the small crystallites tend to 
grow into large ones, by increasing their volume to surface area ratios. This 
inevitably involves transportation of TiO2 species from neighboring sites. As 
shown in Figure 5.2d, site (A), owing to its large wall space allowing 
crystallites to grow to bigger size, would be a more energetically favored 
position than site (B) for TiO2 species to diffuse to. Continuation of this 
process will cause the merge of some adjacent mesopores through the neck. 
Crystallization from an initial amorphous framework will eventually lead to 
the loss of some local connections of the initial TiO2 framework, and therefore 
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the re-arrangement of the mesopore configuration. In addition, the spatial 
confinement by pore arrays will slow down the crystallization process, leading 
to a more or less uniform distribution of TiO2 nanocrystals as shown by the 
TEM micrograph in Figure 5.2. Further growth of the nanocrystals will 
inevitably lead to contraction of pores and loss of ordering.  
The driving force for the process is the apparent minimization of the surface 
energy in association with the formation and crystal growth of anatase phase. 
Crystallization at a lowered temperature will be beneficial to the preservation 
of the mesoporous structure. A cage-like configuration with more or less 
uniformly sized TiO2 quantum dot structure was established, in the case of 
polycrystalline Pt and single-crystal Si(111) substrates. 
5.2 Photocatalytic Properties of Mesoporous TiO2 Thin 
Films Deposited on Different Substrates 
The photocatalytic performance of the mesoporous TiO2 thin films deposited 
on the three substrates was evaluated for degrading MB under UV irradiation. 
Figure 5.7 shows the variation in absorption maximum (Amax) of MB for the 
TiO2 films as a function of exposure time, which was used to estimate the 
change in the concentration of MB as the photocatalytic reaction proceeded, 
based on the linear relationship between concentration and absorption of MB 
according to the Lambert-Beer Equation. The blank test confirms that MB was 
not degraded in the dark and only slightly degraded under UV light in the 
absence of catalysts. For the films deposited on polycrystalline Pt and 
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single-crystal Si(111) substrates, physical adsorption of MB occurred and 
reached saturation in less than 30 min. After that the concentration of MB was 
scarcely observed to change until the UV irradiation was started. The 
concentration of MB decreased quickly with increasing UV irradiation time, 
and the photocatalytic activity of the mesoporous TiO2 film deposited on 
Si(111) substrate is higher than that of the film deposited on Pt substrate, 
which is related to the higher nanocrystallinity of the former. 
 
Figure 5.7 Changes in absorption maximum (Amax) of MB as a function of 
exposure time, for (A) the blank test, and (B − D) the mesoporous TiO2 thin 
films deposited on the three substrates, after calcination at 350 oC: (B) 
polycrystalline Pt, (C) single-crystal Si(111), and (D) amorphous glass. 
A plot of ln(A0/A) versus irradiation time is presented in Figure 5.8, as a 
straight line, when UV-irradiation time is less than 210 min. It indicates that 
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the photodegradation of MB obeys pseudo first-order kinetics over this time 
period and the slope equals the apparent degradation rate constant (kapp), in 
agreement with the generally observed Langmuir-Hinshelwood mechanism.[109] 
For the mesoporous thin films deposited on single-crystal Si(111) and 
polycrystalline Pt substrates, the kapp was calculated as: kapp, Si(111) = 8.2 × 10−3 
min−1 and kapp, Pt = 6.3 × 10−3 min−1; and the half life (t1/2) is t1/2, Si(111) = 84.5 
min and t1/2, Pt =110.0 min, respectively. 
 
Figure 5.8 Plots of ln(A0/A) versus irradiation time, for (A) the blank test, and 
the mesoporous TiO2 thin films deposited on (B) polycrystalline Pt, and (C) 
single-crystal Si(111) substrates. It shows a first-order linear relationship 
within experimental time. Inset lists the apparent first-order degradation rate 
constant (kapp) of the mesoporous TiO2 thin films. 
However, the film deposited on glass substrate exhibits rather different 
absorption and catalytic behavior (Figure 5.7D). Firstly, there was change in 
color of the MB solution from blue to indigo upon addition of the TiO2 film 
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scraps scratched off the glass substrate. The maximum absorption of MB in 
the ultraviolet-visible (UV-vis) spectra decreased sharply (by 75%) in less than 
30 min correspondingly. These observed phenomena suggest that a strong 
physical adsorption and a degree of chemical interaction, such as the 
dimerization process of MB,[110] occurred between the catalyst and the MB 
even before the UV irradiation. That means, the sharp decrease in absorption 
of MB in the UV-vis spectra corresponds to a transformation of MB to other 
molecular forms and adsorption on TiO2, instead of a real degrading process of 
organic reactants. Upon UV irradiation, the MB solution slowly turned from 
indigo to violet, and the violet color did not disappear within the conducted 
irradiation time. The color change to violet indicates the degradation of MB 
with the formation of thionine or other N-demethylated intermediates of 
MB.[111] This is in contrast to the films deposited on polycrystalline Pt and 
single-crystal Si(111) substrates, which are able to completely decompose the 
MB to a colorless solution within experiment time conducted. 
Upon contact with the TiO2 thin films, MB molecules will diffuse into the 
mesoporous structure, and adsorb on the mesopore surfaces. Electrons and 
holes generated by irradiation with UV light in the mesoporous TiO2 will 
migrate to the surfaces, where they are captured by reductants (e.g., H2O) and 
oxidants (e.g., O2), producing active radical species. These active species react 
with MB molecules adsorbed on the mesopore surface, resulting in their 
decomposition. For the film deposited on glass substrate, the adsorption was 
promoted by the observed mesopore structure and large specific surface area. 
However, the structural disorder inherent to amorphous TiO2 enhances the 
electron-hole recombination efficiency by “filling” holes with electrons at 
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large quantities of structural defects or distortion. A negligible photocatalytic 
activity was thus observed, where the low degradability for organic reactants 
is unable to completely mineralize them into CO2 and H2O. In contrast, for the 
mesoporous TiO2 films deposited on polycrystalline Pt and single-crystal 
Si(111) substrates, although their mesostructure undergone degradation due to 
crystallization and the adsorption ability of MB was therefore decreased, they 
still show a remarkable improvement in the photoreactivity arising from their 
enhanced nanocrystallinity. 
5.3 Photoluminescence Behavior of Mesoporous TiO2 
Thin Films Deposited on Different Substrates 
TiO2, as an indirect band gap semiconductor, does not show much 
luminescence under normal conditions, although it has demonstrated some 
luminescence behavior, for example, in vacuum environment,[112] at very low 
temperature (T = 77K),[113] in the presence of dopants,[113] and in ultrafine 
TiO2 colloidal solution form (d ≈ 3nm).[114] In the present work, the 
mesoporous film deposited on glass substrate shows no photoluminescence at 
room temperature due to its amorphous TiO2 structure. In contrast, 
photoluminescence behavior was observed with the mesoporous TiO2 thin 
films deposited on polycrystalline Pt and single-crystal Si(111) substrates. 
Figure 5.9 shows their photoluminescence behavior under excitation with λ = 
325 nm in air at room temperature. The broad band at 440 − 560 nm (2.20 − 
2.80 eV) in the visible range is associated with the radiative recombination of 
excitons due to shallow traps identified with oxygen vacancy and Ti4+ adjacent 
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to oxygen vacancies.[115,116] The fine jagged feature of the curves arises from 
the characterization technique itself, instead of the samples. 
  
Figure 5.9 Photoluminescence spectra of the mesoporous TiO2 thin films 
deposited on (A) polycrystalline Pt and (B) single-crystal Si(111) substrates, 
in the wavelength range of 440 − 640 nm. 
The observed photoluminescence with the mesoporous anatase thin films 
cannot be related to any specific impurity. Instead, it is assigned to the 
transitions from intragap energy levels implicating lattice and/or surface 
defects in association with nanoparticles. Given the cage-like mesostructure 
and the large surface area of nanocrystallites, one would expect a great number 
of defects on the nanocrystal surfaces available to trap the electrons when the 
electrons are excited to the conduction band. These surface defects, or traps 
are assigned to coordinatively unsaturated titanium ions or oxygen vacancies 
on the surfaces. On one hand, the defect energy levels can act as a separation 
center, contributing to the observed high activity in photodegradation of MB 
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by the mesoporous TiO2 films deposited on polycrystalline Pt and 
single-crystal Si(111) substrates. On the other hand, for the film deposited on 
glass substrate, the structural randomness in association with the amorphous 
nature of TiO2 leads to recombination of electrons and holes through a 
non-radiative path, which is responsible for the absence of photoluminescence. 
5.4 Remarks 
Highly crystallized mesoporous TiO2 thin films were successfully synthesized 
via a new substrate-assisted strategy. Both the nanocrystallinity and pore 
configuration of mesoporous TiO2 thin films were strongly affected by the 
types of substrate. Among the three substrates studied in the present work, 
namely amorphous glass, polycrystalline Pt and single-crystal Si(111) 
substrates, the mesoporous TiO2 thin film deposited on single-crystal Si(111) 
exhibited the highest nanocrystallinity, upon calcination at 350 oC, as shown 
by studies using SAD, Raman scattering and XRD. This was followed by the 
mesoporous TiO2 thin film deposited on polycrystalline Pt substrate, while 
little crystallinity was observed with the amorphous glass substrate.  
There was a transition in pore configuration, from an ordered array of discrete 
pores deposited on the amorphous glass substrate to a cage-like pore 
configuration deposited on both Pt and Si(111) substrates. Such pore 
configuration transition is related to the change in surface energy in 
association with crystal growth of the anatase phase.  
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The mesoporous TiO2 films deposited on polycrystalline Pt and single-crystal 
Si(111) substrates exhibit much higher photocatalysis efficiency of MB than 
that deposited on amorphous glass substrate, due to the enhanced 
nanocrystallinity. The photodegradation behavior of the former obey pseudo 
first-order kinetics over the experimental time conducted with the kapp for the 
mesoporous thin films deposited on single-crystal Si(111) and polycrystalline 
Pt of 8.2 × 10−3 min−1 and 6.3 × 10−3 min−1, respectively.  
The band-gap excitation in the mesoporous TiO2 films deposited on 
polycrystalline Pt and single-crystal Si(111) substrates gives rise to 
Stokes-shifted, visible broad band luminescence, which is attributed to the 
radiative recombination of excitons in association with the surface defects of 
the anatase nanocrystals. 
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CHAPTER 6: ENHANCED PHOTOCATALYSIS BY 
DOPING CERIUM INTO MESOPOROUS TIO2 
THIN FILMS 
In order to further improve the photocatalytic activity of mesoporous TiO2 thin 
films by inhibiting the electron-hole recombination and prolonging the 
lifetime of charge carriers, electron acceptors, such as rare-earths, can be 
incorporated into mesoporous TiO2 photocatalysts. In this chapter, a detailed 
investigation into doping varying amounts of cerium into highly ordered 
mesoporous TiO2 thin films is described, aiming at understanding their effects 
on the structural orderliness, nanocrystallinity, photocatalytic and optical 
properties of the mesoporous TiO2 thin films.  
Indeed, cerium ions, in both Ce3+ and Ce4+ oxidation states, have long been 
employed in various catalytic systems owing to their remarkable redox 
chemistry and oxygen storage capacity.[117,118] Cerium additive was also 
shown to improve the thermal stability and enhance the mesoscopic ordering 
of the mesoporous structures,[32,33] which is attributed to the rare-earths in 
restraining crystallization of the TiO2 matrix.[35,36] However, previous attempts 
of doping cerium into mesoporous TiO2 powders to improve the photocatalytic 
activity were largely unsuccessful, because of a blocking effect of the cerium 
ions on TiO2 surface whereby the active sites available for adsorption and 
photodegradation of organic pollutants were reduced.[66] These previous 
studies also imply that the amount and position of doping ions are key 
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parameters for determining their photocatalytic performance in mesoporous 
TiO2 systems.  
In this project, a one-pot supramolecular-templated sol-gel approach is used to 
prepare cerium-doped mesoporous TiO2 thin films. The sol precursor 
condition was controlled as TTIP/F127/AcAc/HCl/H2O/EtOH /Ce(NO3)3 = 1 : 
0.004 : 0.5 : 0.5 : 15 : 40 : 0 – 30% (molar ratios). The films were deposited on 
single-crystal Si(111) substrates which have been demonstrated in Chapter 5 
to effectively promote crystallization of TiO2 in the mesoporous thin film. By 
carefully adjusting the cerium doping level, the multicomponent 
photocatalysis system demonstrates a greatly enhanced photocatalytic activity 
to degrade methylene blue (MB). The mechanism responsible for the 
remarkable enhancement in photoreactivity has also been investigated.  
6.1 Morphology and Crystalline Phase Evolution of 
Cerium-Doped Mesoporous TiO2 Thin Films 
Figure 6.1 shows small-angle X-ray scattering (SAXS) patterns of the 
cerium-doped mesoporous TiO2 thin films calcined at 350 oC with varying 
nominal atomic ratios of Ce/Ti in the range of 0 − 30 mol%. According to the 
mesostructure identification described in Chapter 4, the undoped mesoporous 
TiO2 film shows a body-centered orthorhombic mesoporous structure oriented 
with the (001) plane parallel to the substrate. The diffraction peak positioned 
at 2θ ≈ 0.67o in Figure 6.1 was therefore indexed to be the (110) plane. When 
the Ce/Ti ratio was controlled in the range of 0 − 10 mol%, there was no 
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significant change in the position of the (110) plane, with a d110 spacing of ∼13 
nm, but the (110) peak became slightly narrower with increasing cerium 
doping level. A high order reflection of the (101) plane (2θ ≈ 1.10o) appeared 
when the Ce/Ti ratio reached 5 mol%. This suggests that the cerium doping in 
the range of 0 − 10 mol% does not change the mesopore spacing, but does 
improve the orderliness of the mesostructure. A further increase in cerium 
doping level (Ce/Ti = 10 mol%) led to degradation in the mesostructure, as 
indicated by the peak broadening and the eventual disappearance of the high 
order reflection peak. 
 
Figure 6.1 SAXS patterns of the cerium-doped mesoporous TiO2 thin films 
with varying Ce/Ti molar ratios: (A) 0, (B) 0.2%, (C) 0.3%, (D) 0.75%, (E) 
2%, (F) 5%, (G) 10%, and (H) 30%. The films were deposited on 
single-crystal Si(111) substrates, and calcined at 350 oC. 
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Figure 6.2 TEM images of the cerium-doped mesoporous TiO2 thin films 
calcined at 350 oC with varying Ce/Ti molar ratios: (a) 0, (b) 2%, (c) 10%, and 
(d) 30%. Scale bar: 20 nm. Insets are the corresponding SAD patterns. 
Transmission electron microscopy (TEM) studies were made to support the 
above SAXS analysis. These showed that the mesopores in the undoped 
mesoporous TiO2 thin film underwent a shrinkage and even collapse in 
certain local areas (Figure 6.2a). The orderliness of the mesostructure was 
improved by the incorporation of cerium dopant. For example, a more 
regular array of mesopores with less contraction was observed within the 
thin film with Ce/Ti = 10 mol%. However, at the cerium doping level of 
Ce/Ti = 30 mol%, a disordered wormlike structure resulted, indicating that 
115 
Chapter 6: Enhanced Photocatalysis by Doping Cerium into Mesoporous TiO2 Thin Films  
an excess amount of cerium doping would adversely affect the alignment of 
mesoporous. Based on these SAXS and TEM studies, it is concluded that 
doping of an appropriately small amount of cerium into mesoporous TiO2 
thin film can indeed improve the orderliness of the mesopore structure; 
however, too high a level of cerium doping, i.e., Ce/Ti > 10 mol%, 
adversely affects the mesoporous structure, eventually leading to a 
disordered wormlike configuration. 
Further analysis of the selected area diffraction (SAD) patterns (Figure 6.2, 
insets) of the mesoporous thin films with varying levels of cerium doping 
reveals that the undoped mesoporous TiO2 thin film was highly 
crystallized, as evidenced by the sharp diffraction rings of the SAD pattern. 
The overall crystallinity decreased with increasing level of cerium doping. 
At Ce/Ti ≥ 10 mol%, the diffraction rings became rather diffused, 
suggesting a lack of crystallinity. 
Figure 6.3a shows the X-ray diffraction (XRD) spectra of the mesoporous 
TiO2 thin films with varying amounts of cerium doping. Those thin films 
with Ce/Ti = 0 − 0.75 mol% exhibited well established diffraction peaks, 
which can be ascribed to the (101), (004), (200), (105), (211), and (204) 
planes of the anatase phase. When the level of cerium doping was raised to 
Ce/Ti = 2 − 5 mol%, a poor crystalline structure resulted. Upon further 
increasing the level of cerium doping to Ce/Ti = 10 − 30 mol%, a rather 
amorphous structure was observed. In particular, for the mesoporous thin 
film with Ce/Ti = 30 mol%, a broad peak appeared at around 2θ = 23 − 38o, 
suggesting the formation of an amorphous structure riched in cerium oxide. 
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The presence of cerium oxide adversely affects the continuity of the TiO2 
framework and gives rise to a wormlike mesoporous configuration, as 
shown by TEM (Figure 6.2d).  
 
Figure 6.3 (a) XRD spectra of the cerium-doped mesoporous TiO2 thin films 
calcined at 350 oC with varying Ce/Ti molar ratios: (A) 0, (B) 0.2%, (C) 0.3%, 
(D) 0.75%, (E) 2%, (F) 5%, (G) 10%, and (H) 30%. (b) Variation of crystallite 
size with level of cerium doping. 
No shift of the anatase (101) peak was observed with varying levels of 
cerium, indicating that the cerium ions do not enter into the lattice of TiO2 
to replace the Ti4+ ions. The relative intensity of the (101) peak decreased 
with the increase in cerium doping level. Full width at half maximum 
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(fwhm) of the (101) peak was obtained by fitting Lorentz profiles to this 
peak, where calculation from the peak width using the Scherrer equation 
yielded an average crystallite size of 4 − 9 nm, showing a decreasing trend 
in crystallite size with increasing level of cerium doping up to Ce/Ti = 5 
mol% (Figure 6.3b). No characteristic peaks of crystalline Ce2O3 or CeO2 
were observed within this range of cerium doping. 
The nanocrystalline nature of the cerium-doped mesoporous TiO2 thin films 
was further investigated by Raman spectroscopy. Figure 6.4a shows four 
well established bands at 146, 200, 400 and 643 cm−1, which are 
characteristic of anatase phase, for the mesoporous TiO2 thin films with 
Ce/Ti = 0 − 0.75 mol%. Upon further increase in the level of cerium 
doping, the lowest frequency Eg mode broadened asymmetrically and 
decreased in intensity. Figure 6.4b plots the change in peak width of this Eg 
mode, showing that the peak width increases with increasing level of 
cerium doping. It is well understood that a decrease in nanocrystallite size, 
together with an increasing density of structural defects, can lead to an 
asymmetry broadening of Raman peaks, as a result of the phonon 
confinement and non-stoichiometry effects.[105,106] Therefore, it is deduced 
that the anatase phase in the mesoporous thin films undergoes a decrease in 
nanocrystallite size with increasing level of cerium doping, which agrees 
well with the XRD analysis described earlier. There were also no 
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Figure 6.4 (a) Raman spectra of the cerium-doped mesoporous TiO2 thin 
films calcined at 350 oC with varying Ce/Ti molar ratios: (A) 0, (B) 0.2%, 
(C) 0.3%, (D) 0.75%, (E) 2%, (F) 5%, (G) 10%, and (H) 30%. (b) Variation 
of fwhm of the lowest frequency Eg mode with the level of cerium doping. 
It has been reported that cerium doping inhibits crystallite growth of TiO2 
nanocrystallites and retards the crystallization of mesoporous films.[32] Due 
to the relatively large size mismatch with Ti4+ (0.68 Å) cations, Ce3+/Ce4+ 
(1.03/1.02 Å) are not expected to occupy the titanium sites in the lattice of 
anatase. It is more likely that they stay on the particle surfaces and at grain 
boundaries and grain junctions.[35,119] These relatively large Ce3+/Ce4+ 
cations at the grain boundaries and grain junctions inhibit crystallite growth 
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of TiO2 through the formation of Ce-O-Ti bonds which increase the 
diffusion barrier at the TiO2 grain junctions.[120] In addition, lanthanide ions 
are known to be less reactive than the TiO2 precursor species, which can 
also slow down the condensation and crystallization processes of the TiO2 
matrix.[32] Therefore, the cerium-doped mesoporous TiO2 thin films exhibit 
a decrease in crystallinity with increasing level of cerium doping. 
Generally, a rapid, uncontrolled and widespread crystallization degrades 
the development of an ordered mesoporous structure for TiO2 thin films 
derived from supramolecular templating. In this connection, a small amount 
of cerium doping in TiO2 would benefit the formation of an ordered 
mesoporous structure by restraining the growth of anatase nanocrystallites. 
To further understand the chemical nature of cerium doping in the 
mesoporous TiO2 thin film, the electron binding energies of Ti 2p, O 1s, 
and Ce 3d were investigated by using X-ray photoelectron spectroscopy 
(XPS). As an example, Figure 6.5 plots the XPS survey spectrum of the 
mesoporous TiO2 thin film with Ce/Ti = 2 mol%, where Ti, O and Ce and a 
trace amount of carbon were shown. The trace amount of carbon is ascribed 
to the residual carbon and those in association with adventitious 
hydrocarbon that is often observed in XPS measurements. 
Figures 6.6a − b show the high resolution Ti 2p XPS spectra of the 
cerium-doped mesoporous TiO2 thin films. Still taking the film with Ce/Ti 
= 2 mol% as an example (Figure 6.6a), the spin-orbit components (2p3/2 and 
2p1/2) were well deconvoluted by two curves at approximately 458.8 and 
464.5 eV, respectively, with a 5.7 eV splitting of the doublet. In 
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combination with the symmetry of this spectrum, it suggests that the Ti 
exists mainly in the chemical state of Ti4+.[121]  
 
Figure 6.5 XPS survey spectrum of the mesoporous TiO2 thin film with 
Ce/Ti = 2 mol%. 
Figure 6.6b provides more information on the variation of chemical states 
for titanium when cerium was doped. Also, Ti was confined to the 
oxidation state of Ti4+ and showed no sign of reduction in the mesoporous 
film. Upon doping with cerium, as the electrode potential of Ti4+/Ti3+ 
(−0.02 V, versus the standard hydrogen electrode (SHE)) is more negative 
than that of Ce4+/Ce3+ (+1.44 V, versus SHE),[122] the d electron of Ti3+ can 
transfer to the Ce4+, resulting in the formation of Ce3+ and depletion of Ti3+ 
in the thermally annealed mesoporous TiO2 films.[121] This explains the 
absence of Ti3+ even in the amorphous film with Ce/Ti = 30 mol%. With 
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the increasing level of cerium doping, the Ti 2p peak intensities decreased 
caused by decreasing content of TiO2. 
 
 
Figure 6.6 High resolution XPS spectra of (a) Ti 2p, (c) Ce 3d5/2, and (e) O 
1s for the mesoporous TiO2 thin film with Ce/Ti = 2 mol%. The empty 
circles represent the experimental data, and the solid curves are the fitting 
results with the dotted lines representing the deconvoluted curves. High 
resolution XPS spectra of (b) Ti 2p, (d) Ce 3d5/2, and (f) O 1s, for the 
mesoporous TiO2 thin films with Ce/Ti = 0, 0.3, 2, 5, 10, 30 mol%, 
respectively, where the arrows show the increasing level of cerium doping. 
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Figures 6.6c − d plot the resolved Ce 3d5/2 XPS spectra, where the peaks 
labeled as ν and ν2 (Figure 6.6c) are assigned to a mixture of the Ce 3d9 4f2 
O 2p4 and Ce 3d9 4f1 O 2p5 states of Ce4+, due to hybridization between O 
2p level and Ce 4f screening level. The peaks denoted as ν0 and ν1 
characterize the Ce 3d9 4f2 O 2p5 and Ce 3d9 4f1 O 2p6 states of Ce3+.[123,124] 
The intensities of these bands increased with an increase in the level of 
cerium doping (Figure 6.6d). In the cerium-doped mesoporous TiO2 thin 
film, the coexistence of Ce3+/Ce4+ oxidation states is shown, confirming 
that the film surfaces are not fully oxidized and therefore there exist some 
oxygen vacancies. It is worth mentioning that the partial reduction of CeO2 
under ultrahigh-vacuum of XPS has been reported, due to progressive 
elimination of surface hydroxyls and oxygen.[125] It therefore makes an 
accurate quantitative analysis of the Ce3+/Ce4+ ratio difficult. 
Figures 6.6e − f show the O 1s photoemission spectra, where the 
asymmetry of the O 1s spectrum was resolved to at least two types of 
oxygen species at the film surface of the mesoporous TiO2. As shown in 
Figure 6.6e, the dominant peak at 530.1 eV, a characteristic of metallic 
oxides, arises from the overlapping contributions of oxygen from TiO2 and 
Ce-O-Ti compounds, among which the oxygen from TiO2 is the primary 
contributor. The O 1s peak at 531.2 eV is attributed to the hydroxyl groups. 
Figure 6.6f shows that the dominant peak (∼530 eV) shifted slightly 
towards higher binding energy, with a fall in intensity, when the level of 
cerium doping was raised. By considering the typical binding energies of 
oxygen in cerium oxides, 530.3 eV for Ce2O3 and 529.2 eV for CeO2,[126] 
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one can deduce that the shift and attenuation are related to the formation of 
Ce(III)-O bonds with increasing level of cerium doping in TiO2. 
6.2 Photocatalytic Properties of Cerium-Doped 
Mesoporous TiO2 Thin Films 
 
Figure 6.7 Changes in absorption maximum (Amax) of MB as a function of 
exposure time, for the cerium-doped mesoporous TiO2 thin films calcined at 
350 oC with varying Ce/Ti molar ratios: (A) 0, (B) 0.2%, (C) 0.3%, (D) 0.75%, 
(E) 2%, (F) 5%, (G) 10%, (H) 30%, and (I) blank test. 
The photocatalytic performance was evaluated for degrading aqueous 
solution of MB under UV irradiation. Figure 6.7 shows the variation in 
absorption maximum (Amax) of MB for the cerium-doped mesoporous TiO2 
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thin films as a function of exposure time. The blank test on single-crystal 
Si(111) shows that MB was not degraded in the dark and only slightly 
degraded under UV light in the absence of catalysts. For the cerium-doped 
mesoporous films, physical adsorption of MB occurred initially and 
reached saturation in less than 30 min. There was no further change in the 
concentration of MB until the UV irradiation was switched on, confirming 
that there is no degradation in the absence of UV irradiation. The 
concentration of MB then decreased quickly with increasing UV irradiation 
time. 
The ln(A0/A) versus irradiation time relationships were plotted in Figure 
6.8, showing a linear relationship between these two parameters within the 
experimental time conducted. It shows that the photodegradation of MB 
obeys pseudo first-order kinetics over the time period investigated and the 
slope equals the apparent degradation rate constant (kapp), in an agreement 
with the generally observed Langmuir-Hinshelwood mechanism.[108] Figure 
6.8 inset lists the kapp and the corresponding half life (t1/2) for the 
cerium-doped mesoporous TiO2 thin films. 
A plot of kapp versus Ce/Ti ratio (Figure 6.9) was then obtained and clearly 
shows that the degradation rate increased with increasing level of cerium 
doping initially and then declined when cerium doping exceeded the 
optimal Ce/Ti = 0.3 mol%. The maximum kapp at Ce/Ti = 0.3 mol% is 3.5 
times of that for the undoped mesoporous thin film (kundoped), demonstrating 
that an appropriate level of cerium doping can greatly enhance the 
photocatalytic activity of mesoporous TiO2 films. When the level of cerium 
125 
Chapter 6: Enhanced Photocatalysis by Doping Cerium into Mesoporous TiO2 Thin Films  
doping was above 0.3 mol%, although the degradation rate began to 
decline, it was still higher than the kundoped, until the Ce/Ti ratio reached 5 
mol%, where the kapp was smaller than the kundoped. This demonstrates that 
too high a level of cerium doping will degrade the photocatalytic activity of 
the mesoporous TiO2 thin films. 
 
Figure 6.8 Plots of ln(A0/A) versus irradiation time, for the cerium-doped 
mesoporous TiO2 thin films with varying Ce/Ti molar ratios: (A) 0, (B) 
0.2%, (C) 0.3%, (D) 0.75%, (E) 2%, (F) 5%, (G) 10%, and (H) 30%. It 
shows a first-order linear relationship within experimental time. Inset lists 
the apparent first-order degradation rate constant (kapp) and the 
corresponding half life (t1/2) for the cerium-doped mesoporous TiO2 thin 
films. 
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Figure 6.9 Variation of the kapp with level of cerium doping. 
As shown in Figure 6.9, an appropriately low level of cerium doping 
significantly enhanced the photocatalytic activity of the mesoporous TiO2 
thin film, while too high a level of cerium doping degraded it. The 
discussion henceforth pertains to the mechanism leading to this 
photocatalytic behavior for the cerium-doped mesoporous TiO2 thin films. 
There are three factors that can strongly affect the overall photoreactivity. 
Firstly, cerium cations, a superior electron scavenger than oxygen,[127] can 
easily trap the excited electrons in TiO2, as expressed by Equation (6−1).  
Also, it has been reported that CeO2 had a high oxygen transport and 
storage capacity.[128] For cerium-doped TiO2, both the formation of labile 
oxygen vacancies and the relatively high mobility of bulk oxygen species 
have been reported.[124] Hence, the electrons trapped in Ce4+/Ce3+ sites can 
127 
Chapter 6: Enhanced Photocatalysis by Doping Cerium into Mesoporous TiO2 Thin Films  
be easily transferred to oxygen on the mesopore surfaces of cerium-doped 




4 )( TiOCeeTiOCe +→+ +−+                               (6−1) 
−•++ +→+ 2423 OCeOCe                                    (6−2) 
•+−• →+ 22 HOHO                                        (6−3) 
22222 OOHHO +→•                                       (6−4) 
•−− +→+ OHOHeOH 22                                   (6−5) 
Hydroxyl radicals (•OH) might be generated according to Equations (6−3) 
− (6−5).[127] These active species react with MB molecules to yield 
mineralization products. Obviously, the presence of cerium ions can 
facilitate the transport of electrons from TiO2 to O2, promote the formation 
of •OH, and thus increase the quantum yield of photocatalysis. However, 
there exists an optimal dosage of cerium cations in mesoporous TiO2 for the 
efficient separation of photoinduced electron-hole pairs. Excess rare-earths 
would act as electron-hole recombination centers, which ultimately 
decreases the number of charge carriers in the film.[65]  
Secondly, the nanocrystallinity of mesoporous TiO2 can be an important 
parameter in affecting the photocatalytic activity. There were previous 
reports that amorphous TiO2 exhibited only a negligible activity in 
photodegradation of organic compounds.[51] The decrease in crystallinity 
with increasing level of cerium doping, therefore, will give rise to a 
deleterious effect on photoreactivity.  
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Thirdly, there is an observed increase in the mesoscopic orderliness of the 
mesoporous thin film at the low level of cerium doping. The well 
established mesoporous structure can also improve the photoreactivity, by 
facilitating rapid diffusions of both the reactants and products during 
photocatalytic reaction, and thus offering more active sites to adsorb water 
and hydroxyl groups.[66]  
In the case of the cerium-doped mesoporous TiO2 thin films investigated in 
the present work, when the Ce/Ti ratio was less than 0.3 mol%, both the 
nanocrystallinity and the degree of mesoscopic orderliness were not 
significantly changed, as compared to those of the undoped TiO2 thin film. 
The first mechanism discussed above is believed to play a dominant role in 
the overall photocatalytic behavior, where the enhanced electron trapping 
and then transferring to oxygen leads to a remarkable enhancement in 
photocatalytic performance. At Ce/Ti = 0.3 mol%, the mesoporous TiO2 
thin film showed the highest photoreactivity, suggesting that 
photo-electrons and photo-holes have the slowest recombination rate at this 
doping level.  
With increasing level of cerium doping, for example, in the range of Ce/Ti 
= 0.75 − 2 mol%, the photodegradation efficiency showed a decrease, 
although it was still higher than that of the undoped TiO2 film. The excess 
cerium cations would act as recombination centers for electron-hole pairs. 
They also gave rise to a decrease in the crystallinity of TiO2 framework, as 
discussed earlier. Although the two negative parameters adversely affect 
the photoreactivity, the overall photocatalytic performance is still better 
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than that of the undoped mesoporous TiO2 thin film, suggesting that the 
dominant role of dopants is still to facilitate the electron transferring to 
oxygen, rather than to act as recombination centers.  
With further increase in cerium doping level up to Ce/Ti = 30 mol%, there 
is a dramatic change towards an amorphous structure for TiO2. The lack in 
nanocrystallinity, together with the excess cerium species will undoubtedly 
significantly lower the separation efficiency of photogenerated 
electron-hole pairs, and thus a negligible photocatalytic activity was 
observed. In addition, the excess cerium doping is largely concentrated on 
the TiO2 surface and thus blocks the surface sites available for adsorption 
and photodegradation of MB.[66] 
6.3 Photoluminescence Behavior of Cerium-Doped 
Mesoporous TiO2 Thin Films 
When electrons are excited to the conduction band, they can be rapidly 
trapped by intragap energy levels, in association with lattice or surface 
defects which usually reside at the grain boundaries between 
nanocrystallites. Subsequently, these electrons interact with the valence 
band holes either radiatively or non-radiatively. The dominant but not 
exclusive route to charge carrier recombination in TiO2 nanoparticles, 
which is an indirect band gap semiconductor, is the non-radiative path, 
because of the strong coupling of wave functions of the trapped electrons 
and trapped holes with lattice phonons.[129] As described in Chapter 5, the 
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undoped mesoporous TiO2 film deposited on single-crystal Si(111) 
substrate gave rise to a broad luminescence band at 440 − 560 nm (2.20 − 
2.80 eV) in the visible range, in association with the large number of 
surface defects of the anatase nanocrystals. Figure 6.10 shows the 
photoluminescence spectra of the cerium-doped mesoporous TiO2 thin 
films. Upon doping with cerium, the luminescence spectra showed a 
decrease in intensity and an increase in broadness with increasing level of 
cerium doping. Again, the fine jagged feature of the curves arises from the 
characterization technique itself, instead of the samples. 
As a result of the size mismatch between Ti4+ and Ce3+/Ce4+, cerium cations 
are largely concentrated at the surface and grain boundaries of TiO2 
crystallites in the cerium-doped TiO2 mesoporous thin films, which creates 
surface states of different surface energy levels.[35,119] With the increasing 
level of cerium doping, the number of these surface states will increase, 
accompanied by a decrease in crystallite size.[32] These surface states 
exhibit energy levels lower than that of the conduction band of TiO2, 
allowing greater access to excited electrons to jump into. In addition, the 
excess Ce4+ ions can act as electron trapping centers.[127] On the one hand, 
more electrons will be trapped by these interfacial states as the amount of 
cerium doping increases. On the other hand, due to the structural 
randomness in association with the structure change towards an amorphous 
state with increasing level of cerium, those trapped electrons prefer to 
recombine with holes through a non-radiative path, which is responsible for 
the prominent loss in intensity and broadening of the photoluminescence 
band observed in Figure 6.10. 
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Figure 6.10 Photoluminescence spectra of the cerium-doped mesoporous 
TiO2 thin films calcined at 350 oC in the wavelength range of 440 − 600 
nm, with varying Ce/Ti molar ratios of (A) 0, (B) 0.2%, (C) 0.3%, (D) 
0.75%, (E) 2%, (F) 5%, (G) 10%, and (H) 30%. 
6.4 Remarks 
Varying amounts of cerium were doped into mesoporous TiO2 thin films 
synthesized by supramolecular templating. Since there is a large size 
mismatch between Ce3+/Ce4+ and Ti4+, the dopant cations were shown to 
largely reside at the surface or grain boundaries of TiO2 crystallites in the 
mesoporous TiO2 structure. With the increasing level of cerium doping in 
TiO2, the formation of nanocrystalline anatase phase was adversely affected, 
in association with the occurrence of Ce-O-Ti bonds at the grain boundaries 
inhibiting crystallite growth. Although the degree of crystallization was 
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suppressed, the cerium doping improved the mesoscopic orderliness of the 
mesoporous TiO2 thin films at a low level of doping. At too high a level of 
cerium doping, the mesostructure underwent degradation because the excess 
cerium disturbs the continuity of the TiO2 framework and eventually harms 
the alignment of mesopores. The mesoporous TiO2 thin films demonstrated to 
be an excellent catalysis support to incorporate cerium ions, where a 
significantly enhanced photodegradation activity towards MB was observed at 
an appropriately low level of cerium doping. The optimal doping of cerium 
was shown to be at around Ce/Ti = 0.3 mol%, exhibiting a 3.5-fold reactivity 
of that of the undoped mesoporous TiO2 film. The much enhanced 
photoreactivity at the low level of cerium doping is related to enhanced 
electron transport and oxygen storage capabilities of the cerium/TiO2 
nanocomposites, together with the highly nanocrystalline nature retained for 
the TiO2 framework. Indeed, the much enhanced photocatalytic behavior 
demonstrated by the cerium-doped mesoporous TiO2 thin films is of 
considerable technological value.
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CHAPTER 7: ASSEMBLY OF HIGHLY DISPERSED 
AU NANOPARTICLES IN MESOPOROUS TIO2 
THIN FILMS AND THEIR OPTICAL PROPERTIES 
Nanostructured TiO2 has long been considered as an excellent supporting 
matrix to incorporate metal nanoparticles (NPs), because the strong 
interaction between TiO2 and NPs can efficiently prevent NP 
aggregation.[130−132] Indeed, TiO2-based nanocomposites have been 
demonstrated with several unique optical and electrical behavior, including 
for example photoluminescence, surface plasmon resonance (SPR), 
nonlinear optical behavior, and catalytic activities.[133−136] These properties 
arise from the quantum size effects of NPs embedded in the host matrices 
and from the interactions at the interfaces over varying lengthy scales. 
Mesoporous TiO2 constitutes an ideal matrix for metal NPs inclusion. The 
mesopores are regarded as nanoreactors capable of controling the growth 
and preventing the aggregation of NPs. The high specific surface area 
associated with the mesoporous TiO2 materials ensures a high loading of 
NPs. Indeed, the synthesis of mesoporous TiO2-based nanocomposite 
systems constitutes one of the most active and exciting fields combining 
Au, Ag, Pt, Pd, or Cu NPs with mesoporous TiO2 through the 
electrodeposition, deposition-precipitation, sonochemical-photochemical, 
and one-pot sol-gel techniques.[58−64] The resulted TiO2/metal 
nanocomposites exhibited, for example, enhanced catalytic activity for both 
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CO oxidation and H2 evolution from water.[60,64] However, in most of these 
previous studies, there still remain an obvious problem of NP aggregation. 
It is a technological challenge to synthesize metal NPs with good spatial 
dispersion and narrow particle size distribution, especially stable at high 
temperature.  
In this chapter, the feasibility of assembling Au NPs in highly organized 
mesoporous TiO2 films is demonstrated. The resulting Au NPs were 
assembled in the mesopores with narrow particle size distribution and 
thermal stability up to 450 oC. Secondary ion mass spectroscopy (SIMS) 
was employed for the first time to prove the uniform distribution of Au NPs 
throughout the film thickness. The interactions between Au NPs and the 
TiO2 matrix were further investigated by using transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction 
(XRD), and ultraviolet-visible (UV-vis) spectrometry. These 
nanocomposite films provide an attractive platform for designing optical, 
electronic, or catalytic properties in an integrated fashion. 
7.1. Morphology and Crystalline Phase Evolution of 
Mesoporous TiO2/Au Nanocomposite Films  
The highly organized mesoporous TiO2 thin film chosen as the inorganic 
supporting matrix for Au NPs inclusion (defined as meso-TiO2) was 
prepared from the sol precursor of TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 
0.004 : 0.5 : 0.5 : 15 : 40 (molar ratios), deposited on quartz substrate, and 
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calcined at 350 oC. According to the TEM analysis, this mesoporous film 
showed an average pore size of 9.9 ± 1.0 nm. It was then immersed in an 
aqueous solution of KAuCl4 (0.005M, pH = 3.4 ± 0.1) for three days, to 
allow AuCl4− species to diffuse into the mesopores. As the isoelectric point 
of TiO2 is around 6,[25] the mesoporous TiO2 surface was positively charged in 
the acidic KAuCl4 solution, which is beneficial to electric attraction of AuCl4− 
ions. Additionally, the remaining -OH polar groups at the mesopore surface 
act as grafting sites for the AuCl4− species, and then as nucleation sites 
during the subsequent H2-reduction process.[134] 
The H2-reduction treatment was carried out at 350 oC or 450 oC in H2/Ar flow, 
following the below Equation (7−1): 
HClKClAuHKAuCl 62232 24 ++↓=+                    (7−1) 
The resulted samples were defined as TiO2/Au-350 oC and TiO2/Au-450 oC, 
respectively. As shown by TEM micrographs (Figure 7.1), Au NPs were 
highly dispersed in the mesoporous TiO2 thin films. There was no apparent 
change in the spatial distribution of Au NPs in the mesoporous network 
with increasing temperature from 350 to 450 oC. Evaluation of 200 Au NPs 
selected in the TEM studies showed a slight increase in both particle size 
and size distribution with increasing temperature from 350 to 450 oC 
(Figure 7.1e and g). The average sizes of Au NPs in TiO2/Au-350 oC and 
TiO2/Au-450 oC were evaluated to be 9.4 ± 1.5 nm and 12.7 ± 1.8 nm, 
respectively. Obviously, these Au NPs have a size scale comparable with 
mesopores, suggesting that the growth of Au NPs is subjected to a 
confinement effect imposed by the mesoporous network (Figure 7.2). 
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Figure 7.1 TEM micrographs with projection along the [110] zone axis of the 
mesoporous TiO2/Au nanocomposite films: (a) − (b) TiO2/Au-350 oC, and (c) 
TiO2/Au-450 oC. Scale bar of (a): 100 nm. Scale bar of (b) − (c): 50 nm. (d) 
and (f) are the corresponding SAD patterns of (b) and (c), respectively. (e) and 
(g) are the histograms of the size distributions of Au NPs for TiO2/Au-350 oC 
and TiO2/Au-450 oC, respectively. 
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Figure 7.2 Spatial confinement effect of the mesopore structure on the growth 
of Au NPs. 
Further analysis of the selected area diffraction (SAD) patterns (Figure 7.1d 
and f) reveals that the observed diffraction rings correspond to (111), (200), 
(220), and (311) planes of fcc crystalline Au. The crystallinity of Au NPs 
increased with increasing H2-reduction temperature. The XRD patterns 
shown in Figure 7.3 confirm the formation of a well established 
nanocrystalline Au phase with the appearance of two diffraction peaks at 2θ 
= 38.2o and 44.4o, which are ascribed to the (111) and (200) planes of fcc 
crystalline Au, respectively. Calculation from the peak width of Au (111) 
reflection using the Scherrer formula gave an average crystallite size of 15 
− 20 nm for the Au NPs assembled in the TiO2 mesoporous network, which 
is slightly larger than what was observed from the TEM study. Such 
overestimation by the Scherrer equation is considered to relate to the 
inhomogeneous strain imposed by the mesoporous TiO2 network on the 
nanocrystalline Au particles.[137] 
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Figure 7.3 XRD patterns of the mesoporous TiO2/Au nanocomposite films: 
(A) TiO2/Au-350 oC, and (B) TiO2/Au-450 oC. 
 
Figure 7.4 Raman spectra of the mesoporous TiO2/Au nanocomposite films: 
(A) TiO2/Au-350 oC, and (B) TiO2/Au-450 oC. 
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Figure 7.4 shows the Raman spectra of the TiO2/Au nanocomposite films 
thermally treated at 350 oC and 450 oC in H2, respectively. For the sample of 
TiO2/Au-350 oC, the lowest frequency Eg mode of the anatase phase 
appeared weak due to the low crystallinity in association with low thermal 
treatment temperature. It was indeed strengthened by thermal treatment at 
450 oC, but is still weaker than that of the mesoporous TiO2 film heated at 
450 oC in air (see Chapter 3, Figure 3.9E). This indicates that the 
TiO2/Au-450 oC sample has semicrystalline inorganic walls and that the 
crystallization of TiO2 was suppressed in the H2 atmosphere. 
As a supporting evidence, the HRTEM micrograph of TiO2/Au-450 oC 
(Figure 7.5) showed that a Au nanocrystal was confined in a mesopore, and 
the nanocrystalline domains of TiO2 were embedded in the amorphous 
inorganic walls. 
 
Figure 7.5 HRTEM of TiO2/Au-450 oC. Scale bar: 5 nm. 
On the basis of energy dispersion X-ray (EDX) analysis as shown in Figure 
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7.6, the content of Au NPs in TiO2/Au-450 oC was calculated to be ~7 
mol% (Au/Ti). Although the EDX analysis may not be suitable to give a 
reliably quantitative result, the calculated Au content does still have a 
reference value; this high amount of Au NPs is also supported by the TEM 
image shown in Figure 7.1c, which exhibited a relatively dense distribution 
of Au NPs in the mesoporous TiO2 film. 
 
Figure 7.6 EDX of sample TiO2/Au-450 oC. 
SIMS studies performed on the same sample of TiO2/Au-450 °C, which 
provides information on the Ti-O, Au, O, Cl, and Si concentration. The 
observed Si element arose from the quartz substrate, and the Cl element 
arose from KCl, one product of the H2-reduction reaction. Figure 7.7 
clearly indicates that Au NPs were distributed uniformly throughout the 
TiO2 film depth, where the film thickness was about 150 nm. 
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Figure 7.7 SIMS depth profiles of TiO2/Au-450 °C, showing the uniform 
distribution of Au NPs in the entire film thickness: (A) Ti-O, (B) Au, (C) O, 
(D) Cl, and (E) Si. 
In order to further confirm the location of Au NPs in the mesoporous TiO2 
film matrix, both TEM and SEM images were obtained to show a same area 
in TiO2/Au-450 °C (Figure 7.8). Au NPs were highly dispersed in the film 
as shown by the TEM view (Figure 7.8a), but we can’t easily discern the Au 
particle extrusions on the film surface by SEM (Figure 7.8b). This result 
establishes that Au NPs are formed in the mesopores, instead of being 
attached to the film surface.According to the above analyses, a mechanism 
is thus proposed to explain the formation process of Au NPs. AuCl4− 
species, when incorporated into the mesopores, were attached to the pore 
surface, such that these salt-containing interfaces acted as centers for 
nucleation and then growth of the Au particles during H2 reduction. With 
heating, both the mesoporous TiO2 network and Au NPs underwent 
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configuration changes in association with crystallization and particle 
coarsening. The two phases were confined with each other, leading to 
formation of well dispersed Au NPs in the mesoporous TiO2 network. Au 
NPs were spherical in particle morphology and narrow in size distribution; 
at the same time, the well defined mesoporous structure of TiO2 was 
preserved. 
 
Figure 7.8 (a) TEM and (b) SEM micrographs for a selected area in 
TiO2/Au-450 °C, showing the occurrence of Au NPs inside the mesopores. 
Scale bar: 50 nm. 
7.2 Optical Properties of Mesoporous TiO2/Au 
Nanocomposite Thin Films 
Au NPs can show typical SPR in the visible range due to the collective 
modes of oscillation of the free conduction band electrons at the surface, 
when induced by an interacting electromagnetic field. Thus, UV-vis 
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spectroscopy was performed to study the SPR behavior of Au NPs 
embedded in the mesoporous TiO2 thin films in the present work. Figure 
7.9 shows the absorption spectra of both TiO2/Au-350 oC and TiO2/Au-450 
oC in the visible range, with a band being centered at 570 nm. This Au SPR 
band was red shifted and largely broadened when compared with that of 
unsupported Au with the peak position at ∼520 nm.[138] According to the 
Mie theory, the Au plasmon peak shifts towards a longer wavelength, when 
the medium refractive index is increased. It therefore explains the red shift 
of the plasmon absorption peak in the present study since the Au NPs were 
confined in the TiO2 matrix, where an interaction between them is expected. 
The observed broadening of the SPR peak can be accounted for by 
considering the spatial spreading and scattering of the conduction electrons 
of Au NPs across the particle-matrix interface. 
The absorption spectra in Figure 7.9 also showed that the plasmon band 
increased in intensity and decreased in broadness as the size of Au NPs 
increased from 9.4 ± 1.5 nm (TiO2/Au-350 oC) to 12.7 ± 1.8 nm 
(TiO2/Au-450 oC), indicating that both peak intensity and peak width are 
influenced by the size of NPs, essentially due to the weakening of surface 
scattering of the conducting electrons in the Au NPs when the particle size 
increases.  
Careful examination revealed that the absorption intensity of background 
increased slightly when the film was calcined at 450 oC. It is known that the 
absorption generally originates from d electrons transition of Au NPs or light 
scattering from the film. Film surface characteristics thus play an important 
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role in the overall absorption. Consequently, the increased background 
absorption for TiO2/Au-450 oC could be related to the change of surface 
features, particularly the increase in surface roughness, in association with 
crystallization of the anatase phase with increasing temperature in H2 from 
350 to 450 oC. This background absorbance (∼0.06) due to light scattering of 
film surface is rather low and negligible, as compared to the strong absorbance 
of TiO2 in the UV region (∼1.7) as shown in Figure 7.9 inset. The absorption 
measurements were operated over more than five different locations for each 
sample. The good repeatability of the testing results indicates a high 
uniformity of the film optical quality. 
 
Figure 7.9 UV-vis absorption spectra of the mesoporous TiO2/Au 
nanocomposite thin films, in the wavelength range of 400 − 1000 nm: (A) 
meso-TiO2, (B) TiO2/Au-350 oC, and (C) TiO2/Au-450 oC. Inset is the UV-vis 
absorption spectra of TiO2/Au-450 oC, in the wavelength range of 200 − 800 
nm. The absorption data were obtained by using quartz substrates as the 
reference. 
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In addition, the absorption in ultraviolet range has been measured by 
UV-vis absorption spectroscopy to reveal the effect of Au doping on the 
optical properties and electronic structure of the mesoporous TiO2 matrix. 
In general, the absorption coefficient (α) can be expressed as a function of 
the incident photon energy (hν), according to: 
m
gEhh
A ))(( −= ννα                                    (7−2) 
where A is a constant depending on the nature of transitions indicated by 
the m values, m = 1/2 and 2 are for allowed direct and allowed indirect 
transitions, respectively, and Eg is the corresponding band gap.[139] From 
Equation (7−2), one can write: 










                                 (7−4) 
Equation (7−4) suggests that a plot of d[ln(αhν)]/d[hν] versus hν will 
indicate a divergence at hν = Eg from which the value of Eg can be 
estimated. Once Eg is known, the value of m can easily be obtained from 
the slope of the plot of ln(αhν) versus ln(hν − Eg) (Equation (7−3)). 
Shown in Figure 7.10a is the plot of d[ln(αhν)]/d[hν] versus hν for the 
meso-TiO2 thin film without Au NPs, where one could identify a band gap 
of ∼3.35 eV. The value of m, obtained from the slope of the plot of ln(αhν) 
versus ln(hν − Eg), as shown in the inset of Figure 7.10a, was 2.24, 
indicating the occurrence of an indirect optical transition. This is consistent 
with the indirect band gap nature expected for titania under normal 
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experimental condition. However, the mesoporous TiO2/Au nanocomposite 
films were found to exhibit rather different optical transition behavior. As 
shown in Figures 7.10b − c, there was a discontinuity positioning at 3.73 
eV and 3.84 eV for TiO2/Au-350 °C and TiO2/Au-450 °C, respectively. The 
slopes of the ln(αhν) versus ln(hν − Eg) plots (Figure 7.10b − c, insets) 
gave 0.73 (TiO2/Au-350 °C) and 0.57 (TiO2/Au-450 °C), respectively, for 
the m value. This indicates that the direct, rather than the indirect transition, 
is more favorable in mesoporous TiO2/Au nanocomposite films. Direct 
transition is considered to be of advantage for the enhancement of optical 
absorption. 
For comparison purpose, meso-TiO2 without Au NPs was H2-reduced at 
450 °C. Figure 7.10d and inset show that the band gap and m value for 
TiO2/H2-450 °C were ∼3.78 eV and 0.65, respectively. It suggests that a 
variation in transition nature from indirect to direct mode arises from the 
annealing process in hydrogen atmosphere. Both silicon and TiO2 
nanocrystals have been observed with the band-gap-type-transition 
phenomena due to a hydrogen surface termination mechanism.[140,141] This 
could be applied to our system, i.e., the termination of TiO2 surface with 
hydrogen atoms, in association with the creation of oxygen vacancies, 
changes the internal electronic structure of TiO2. It is also noted that the m 
values for the above transitions as evaluated from the ln(αhν) versus ln(hν 
− Eg) plots were not exactly 1/2 or 2, indicating a combined contribution 
from indirect and direct transitions. 
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Figure 7.10 Plots of d[ln(αhν)]/d[hν] versus hν, where the insets show 
evaluation of transition mode from the variation of ln(αhν) versus ln(hν − Eg): 
(a) meso-TiO2, (b) TiO2/Au-350 °C, (c) TiO2/Au-450 °C, and (d) TiO2/H2-450 
°C. The absorption data were obtained by using quartz substrates as the 
reference. 
It is therefore of interest to determine both the direct and indirect band gaps. 
For allowed indirect transition, the band gap was determined by 
extrapolating the linear portion of the plot of (αhν)1/2 versus hν to α = 0. 
Figure 7.11 gave band gap energies of 3.44, 3.28, 3.16 and 2.98 eV for 
meso-TiO2, TiO2/H2-450 °C, TiO2/Au-350 °C and TiO2/Au-450 °C, 
respectively. Although the values obtained from the extrapolation may not be 
exactly equal to the real band gap values because of the inaccuracy of this 
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method to estimate band gap, they are however meaningful to characterize the 
band gap variation brought about by the Au NPs on the mesoporous TiO2 thin 
films. Firstly, a blue shift of approximately 0.2 eV with respect to that of the 
bulk anatase TiO2, which has a band gap of 3.2 eV, was evident for sample 
meso-TiO2. This is attributed to both the quantum size effect in association 
with the very fine TiO2 nanocrystallites of the mesoporous film and the low 
crystallinity of TiO2. On the other hand, the band gaps obtained from the 
spectra in Figure 7.11 gave an evident reduction of band gap energy for the 
TiO2/Au nanocomposite films, as a result of the incorporation of Au NPs 
which introduced intragap energy levels between the band gap of TiO2.  
 
Figure 7.11 Plots of (αhν)1/2 versus hν for the mesoporous TiO2/Au 
nanocomposite films: (A) meso-TiO2; (B) TiO2/H2-450 °C; (C) TiO2/Au-350 
°C; and (D) TiO2/Au-450 °C. Inset show the variation of allowed indirect band 
gaps for the TiO2/Au systems. 
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For allowed direct transition, the band gap energies were calculated to be 
4.06, 4.03, 4.02, and 3.98 eV for samples meso-TiO2, TiO2/H2-450 °C, 
TiO2/Au-350 °C and TiO2/Au-450 °C, respectively, by extrapolating the 
straight lines of the plots of (αhν)2 versus hν to intercept the x-axis (Figure 
7.12). Incorporation of the Au NPs into meso-TiO2 therefore extends the 
absorption into the visible region, as a result of the SPR of Au NPs and the 
red shift of TiO2 band gap. It suggests that the mesoporous TiO2/Au 
nanocomposite films can be a promising candidate for visible 
photocatalytic applications. 
 
Figure 7.12 Plots of (αhν)2 versus hν for the mesoporous TiO2/Au 
nanocomposite films: (A) meso-TiO2; (B) TiO2/H2-450 °C; (C) TiO2/Au-350 
°C; and (D) TiO2/Au-450 °C. Insets show the variation of allowed direct band 
gaps for the TiO2/Au systems. 
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7.3 Remarks 
By use of flowing reductive H2 gas, Au NPs were successfully assembled in 
the mesoporous TiO2 film in a highly dispersed and uniform fashion 
throughout the entire film thickness. The confinement effect of spherical 
mesopores towards Au NPs was demonstrated by the comparable sizes of 
Au NPs with mesopores, and the enhanced thermal stability of Au NPs, up 
to at least 450 oC. On the one hand, Au NPs embedded in mesoporous TiO2 
thin films showed SPR, where the plasmon absorption peak was red shifted 
and broadened due to the influence of TiO2. On the other hand, 
incorporation of Au NPs changed the band gap energy of mesoporous TiO2 
by introducing intragap energy levels between the conduction band and the 
valence band of TiO2. In addition, thermal annealing of TiO2 in a hydrogen 
atmosphere triggered a variation in optical transition nature from indirect to 
direct mode, arising from the hydrogen surface termination. 
These mesoporous TiO2/Au multicomponent thin films showed negligible UV 
photocatalytic activity. This is because the nanocomposite exhibited a 
semicrystalline network with the coexistence of anatase nanocrystals and a 
significant amount of amorphous TiO2. The structural randomness in 
association with the amorphous inorganic phase gave rise to poor 
photocatalytic activity. In addition, the Au NPs synthesized in this project 
exhibited an average size of 9 – 12 nm. As reported, Au is normally 
catalytically inert due to its 5d10 electronic configuration.[142]  The intrinsic 
inertness of Au can be reduced by being highly dispersed on a suitable support, 
and being less than ∼4 nm in particle size. In spite of the unefficient UV 
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photocatalytic performance of the TiO2/Au thin films, their optical absorption 
in the visible range was enhanced, as a result of the SPR of Au NPs and the 
red shift of TiO2 band gap. A promising application of the nanocomposite 
films is in visible photocatalysis. 
Chapter 8: Conclusions  
CHAPTER 8: CONCLUSIONS 
In this research project, the mesostructure and functional properties of 
TiO2-based mesoporous thin films that were synthesized through a non-ionic 
triblock copolymer templating sol-gel route have been investigated. The 
synthesis route follows the evaporation-induced self-assembly mechanism. I 
have developed several different strategies, including the substrate-assisted 
crystallization, doping with varying levels of cerium, and doping with Au 
nanoparticles (NPs), in order to achieve unique optical and electrical 
properties, including optical absorption, photoluminescence, photocatalysis, 
and surface plasmon resonance for the TiO2-based mesoporous thin films. The 
main findings that are derived from this project are summarized as follows. 
Highly ordered mesostructured TiO2 thin films have been successfully 
synthesized from the sol precursor of TTIP/F127/AcAc/HCl/H2O/EtOH = 1 : 
0.004 − 0.005 : 0.5 : 0.5 : 10 − 25 : 40. A subsequent, well controlled ageing at 
increasing temperatures up to 450 oC was performed on these films. Thermally 
stable mesoporous TiO2 thin films were obtained at 350 oC by completely 
eliminating the organic templates. The inorganic framework underwent a phase 
transformation from amorphous to anatase at 450 oC, while the crystallization 
was not complete with the formation of fine anatase crystallites of about 5 nm 
in size embedded in the amorphous inorganic walls. The mesopores in the 
films were shown to organize in a body-centered orthorhombic symmetry with 
the [001] axis perpendicular to the film surface. To the best of my knowledge, 
this is the first time that such a mesophase of the body-centered orthorhombic 
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symmetry has been identified. With the thermal annealing, the mesophase 
underwent a uniaxial contraction along the normal direction of substrate. This 
was associated with a continuous shrinkage of the orthorhombic unit cell 
along the [001] direction, with the in-plane parameters being preserved 
whereas the out-of-plane parameters being markedly reduced.  
The mesoporous thin films synthesized above exhibited excellent optical 
transparency with transmittance higher than 85% in the visible region. A blue 
shift in ultraviolet-visible (UV-vis) absorption onset was shown for the 
mesostructured TiO2 films, with respect to that of bulk anatase TiO2, which 
could be ascribed to the size quantization effect arising from the TiO2 
nanocrystallites. Moreover, the thin films showed a corresponding red shift in 
absorption edge, together with a decrease in band gap energy, with increasing 
thermal annealing temperature, indicating an increase in crystallite size with 
temperature. In spite of the optical transparency and mesostructural ordering of 
the mesoporous films, the semicrystalline nature of the inorganic framework 
needs to be improved.  
A new substrate-assisted crystallization strategy is thus developed in this 
project to enhance the crystallinity of the mesoporous TiO2 thin films without 
collapse of the mesopores. Three types of substrates, namely amorphous glass, 
polycrystalline Pt and single-crystal Si(111) substrates, were employed to study 
their effect on the mesoporous structure of TiO2. When the substrate was 
changed from amorphous glass to polycrystalline Pt and then to single-crystal 
Si(111), transitions in pore configuration took place from an ordered array of 
discrete pores to a cage-like pore configuration, accompanied by an increase in 
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nanocrystallinity. The observed transition in pore configuration of mesoporous 
TiO2 is accounted for by the differences in nucleation behavior and surface 
energy among the different substrate systems involved. Mesoporous TiO2 thin 
films deposited on Pt and Si(111) substrates exhibited an enhanced 
photocatalytic activity for degradation of methylene blue (MB) under UV 
irradiation because of their enhanced nanocrystallinity. They also show 
photoluminescence at room temperature, which is corrrelated to the radiative 
recombination of excitons in association with the surface defects of the anatase 
nanocrystals. 
The effects of substrate type on the mesostructure and properties of 
mesoporous TiO2 thin films are studied for the first time. The enhancement in 
nanocrystallinity and preservation of highly ordered mesostructures, which 
were successfully realized on polycrystalline Pt and single-crystal Si(111) 
substrates at a temperature of as low as 350 oC, prompted enhanced 
photocatalysis and photoluminescence behavior. The photoluminescence arises 
from the recombination of electron/hole pairs, which has never been 
previously reported for mesoporous TiO2 thin films without proper dopants. 
Another advantage of this strategy is the simplicity of this approach, when 
compared to those previous attempts which often involve time-consuming and 
complicated procedures in order to increase the crystallinity. The new strategy 
is indeed attractive in view of the eventual application of mesoporous thin 
films in the photocatalysis industry. Moreover, it can be easily extended to 
other transition-metal oxide-based mesoporous systems to enhance the 
crystallinity.  
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In this project, the photocatalytic activity of mesoporous TiO2 thin films was 
further enhanced by doping varying amounts of cerium into the films deposited 
on Si(111) substrate. The cerium dopant strongly affected the mesostructure, 
photocatalytic and optical properties of the mesoporous TiO2 thin films. At an 
appropriately low level of cerium doping (i.e., Ce/Ti < 10 mol%), the 
mesoporous film showed an increase in the degree of mesoscopic orderliness 
with an obvious degradation in the nanocrystallinity. This is related to the fact 
that cerium cations, which largely reside at the surfaces/grain boundaries of 
anatase nanocrystallites in the inorganic walls, inhibit the crystallite growth of 
TiO2. The retarded crystallization does not disturb the mesostructure to a large 
extent and thus improves the overall mesoscopic orderliness of the thin film. 
However, at too high a level of cerium doping, the mesostructure underwent 
degradation because the excess cerium disturbs the continuity of the TiO2 
framework and eventually harms the alignment of mesopores.  
The photocatalytic ability of the film with Ce/Ti = 0.3 mol% was the highest for 
degradation of MB under UV irradiation, which is 3.5-fold that of the undoped 
mesoporous TiO2 film. This remarkable enhancement in photoreactivity is 
attributed to the facilitated transferring of electrons to oxygen in association 
with cerium cations. The cerium-doped mesoporous TiO2 thin films also 
demonstrated photoluminescence at room temperature, where the 
photoluminescence band exhibited a prominent decrease in intensity with the 
increasing level of cerium doping, which is ascribed to the cerium ions in 
restraining the radiative recombination of excitons by generating a considerable 
amount of interfacial energy states.  
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Indeed, this new one-pot synthesis approach for TiO2/Ce multicomponent 
systems reveals the following advantages: high reproducibility, homogeneous 
incorporation, precise control of the doping quantity, and short preparation 
time. More importantly, the much enhanced photocatalytic activity 
demonstrated by the cerium-doped mesoporous TiO2 thin films at the low 
doping level is of considerable technological value. 
A new post-treatment pathway was also conducted to incorporate Au NPs in the 
mesopores of TiO2 thin films. By use of flowing reductive H2 gas, AuCl4− salts 
were reduced on the surface of TiO2 walls and Au NPs were eventually formed 
in the mesopores in a highly dispersed and uniform fashion throughout the 
entire film thickness. Because of the spatial confinement effect of the 
mesopores, Au NPs grew into sizes comparable with the mesopores and 
promoted thermal stability up to 450 oC. An obvious surface plasmon resonance 
was observed at 570 nm in the UV-vis absorption spectra of Au NPs embedded 
in the mesoporous thin films. The red shift and broadening of this plasmon band 
as compared to that of unsupported Au (∼520 nm) are accounted for by the 
interaction between Au NPs and mesoporous TiO2 framework. The mesoporous 
TiO2/Au nanocomposite films showed optically allowed direct transition of 
TiO2, where the incorporation of Au NPs evidently reduced the band gap of 
TiO2. This variation in optical transition nature from indirect to direct mode was 
triggered by hydrogen termination of TiO2 surface. The SPR and the unique 
direct optical transition nature of TiO2 demonstrated by the multicomponent 
thin films promise novel optical applications. 
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The new understandings gained in this project, as described above, on the 
interrelationships among the synthesis variables, the complex mesoporous film 
structures, and the resulting optical and electronic properties of mesoporous 
TiO2 and TiO2/nanospecies multicomponent systems, provides useful 
information for their potential applications in a wide range of technological 
areas especially as photocatalysis.
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This project has focused on establishing the interrelationships among the 
synthesis parameters involved in the supramolecular-templating, the resulting 
mesostructures, and several functional optical and electrical properties of the 
TiO2-based mesoporous systems. Highly ordered, nanocrystallized, and 
thermally stable TiO2-based mesoporous thin films have been successfully 
developed, showing unique optical absorption and photoluminescence 
properties and enhanced photocatalytic activity. On the basis of these 
experimental results, the following future studies are suggested, which can 
lead to further understanding in the project area. 
Firstly, the supramolecular-templated synthesis of mesoporous TiO2 materials 
generally experiences three stages: solution stage (precursors), intermediate 
stage between liquid and solid, and solid thin film stage. The intermediate 
stage is much less studied than the other two stages although the mesophase is 
indeed developed in this stage. This is because the intermediate stage is a 
transitional one only spanning a short time interval, for example, seconds or 
minutes for the thin film synthesis following the evaporation-induced 
self-assembly (EISA) mechanism. This makes it difficult to operate 
time-resolved characterization and retrieve real time information in a precise 
way.  
In-situ time-resolved small-angle X-ray scattering (SAXS) technique has been 
applied by Grosso’s group[94] to monitor the mesostructural evolution during 
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the intermediate stage. In their research, dip coating was carried out to deposit 
silica thin films. Dip coating normally involves three steps: dipping a substrate 
into a tank containing a liquid coating solution, withdrawing the substrate 
from the tank at a controlled speed, and allowing it to drain. For the 
time-resolved SAXS measurement a special dip-coater setup was designed by 
fixing the position of substrate and moving the tank instead during the coating 
process. This setup enabled the SAXS beam to be fixed on the film surface. 
During the deposition 2D diffraction patterns were recorded every second. It 
was observed that the organization of micelles in the liquid film into randomly 
oriented domains took place in less than one minute after deposition. These 
domains started to align from the interfaces (air/film and substrate/film) to the 
bulk, with their cylindrical long axis being parallel to the interfaces. The 
alignment proceeded until the silica network became too stiff due to the 
condensation to allow further movement of the domains. As sparked by this 
study, other in-situ techniques such as ellipsometry, transmission electron 
microscopy (TEM), nuclear magnetic resonance (NMR) spectroscopy, Fourier 
transform infrared (FTIR) spectrometry, or Raman could also be suitably 
modified in order to give a more complete panorama of the structural 
evolution during the intermediate stage. 
Secondly, a mesophase of the body-centered orthorhombic symmetry was 
identified in the present study. However, the diversity in mesophase 
configuration for the TiO2-based mesoporous materials is much less 
investigated as compared to that of silica-based compositions. This could be 
due to the fast reactivity of the titanium precursors, which makes it difficult to 
control the orderliness and stability of the resulted mesostructures. The poor 
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mesostructural ordering and stability really increase the difficulty in 
identifying the mesostructures. In addition, ordered mesoporous TiO2 
materials have a monodisperse pore diameter generally in the 2 − 10 nm range, 
well below the 50 nm upper limit of mesopores and also below the 30 nm 
maximum pore size that has been obtained for mesoporous silica materials.[143] 
Enriching the families of mesoporous TiO2 materials by creating new 
mesophases and crossing the pore size barrier of ∼10 nm is therefore needed. 
This, if successfully, would expand their applications such as in the large 
molecule catalysis and sensing. 
In addition, I have investigated the performance of mesoporous TiO2 thin films 
in photocatalytic reactions. Their performances in other fields such as in 
dye-sensitized solar cells (DSSCs) deserve a further investigation. Indeed, the 
supramolecular-templated mesoporous TiO2 film is a promising candidate as 
the photoanode of DSSC, because of its high specific surface area (100 − 200 
m2 g−1), uniform pore morphology with excellent connectivity of mesopores, 
and an interconnected TiO2 skeleton with regularly packed nanocrystalline 
particles. However, the mesoporous TiO2 films thus derived were usually of 
submicrometer thickness (100 − 300 nm) rendering insufficient TiO2 surfaces 
for dye absorption. To realize thicker films, mesoporous TiO2 films of ∼1 μm 
in thickness with an ordered cubical mesostructure have been attempted using 
layer-by-layer deposition process.[77] They showed solar conversion 
efficiencies in the range of 2.95% and 4.04%. The cell performance of thicker 
films was however not reported, probably because of the poor pore 
accessibility in association with the thick films which limits dye adsorption 
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and electrolyte percolation.[144] Multilayered TiO2 films were also prepared 
using doctor-blading method, showing a maximum efficiency of 5.31% at the 
thickness of 2.5 μm.[74] Thicker films (4 μm) showed degenerated cell 
performance ascribed to poor optical transparency and the presence of 
increased number of recombination centers. As sparked by these previous 
studies done by other groups, it would be of considerable interest to thicken 
the mesoporous TiO2 films via layer-by-layer deposition. However, formation 
of a crack-free mesoporous film with sufficient thickness (∼10 μm) and good 
pore accessibility will be a big challenge. In this regard, a proper pre-heat 
treatment could be applied between each two layers of deposition, as this helps 
preserve the pore accessibility.[145] The DSSCs made of the 
supramolecular-templated mesoporous TiO2 films are expected to exhibit 
higher efficiencies than those made of the conventional randomly clustered 
anatase nanocrystals of similar thickness.[77] It is also scientifically aspiring to 
study the carrier transport/recombination behaviors in these 
supramolecular-templated mesoporous TiO2 photoanodes. 
Last but not least, the mesoporous TiO2 has demonstrated to be an excellent 
host for cerium ions which showed enhanced photocatalytic performance. This 
suggests that mesoporous TiO2 materials, on the basis of the semiconducting 
nature of the inorganic skeleton and the porous structure, are good candidates 
for incorporating nanospecies and developing some functional 
multicomponent systems. Future work can be done to probe the feasibility of 
developing various novel multicomponent systems with advanced properties.
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